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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

Infrared  detectivity  measurements  have  been  made  on  InSb  n-p  junction  photodiodes  that  have 

annular  guard-ring  field  plates  to  control  the  surface  potential  at  the  n-p  junction.  At  77°K, 

20 -mil  -diameter  circular  devices  whose  junctions  were  formed  by  proton  bombardment  have 

zero-bias  resistances  as  high  as  20  megohms  at  the  optimum  field-plate  voltage,  and  in  re- 
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duced  background  these  diodes  have  detectivities  as  large  as  2.75  x  10A  cm^Hz/W  at  a 
wavelength  of  5.3  pm. 

InSb  p-n  junction  photodiodes  have  been  fabricated  by  the  implantation  of  400-kV  zinc  ions  into 
n-type  crystals.  For  20-mil -diameter  diodes  at  77°K  zero-bias,  resistances  of  1  to  3  meg¬ 
ohms  have  been  observed.  In  reduced  background  the  peak  detectivity  of  these  diodes  is  about 
10^cnWHz/W  at  5.3pm.  The  quantum  efficiency  is  about  60  percent  at  5.3pm  for  diodes 
without  an  anti  reflection  coating,  and  remains  high  to  wavelengths  as  short  as  1  pm. 

A  CW  oscillator  output  power  of  380  mW  at  28  GHz  with  an  efficiency  of  6.  8  percent  has  been 
achieved  with  an  epitaxial  GaAs  Schottky  barrier  IMPATT  diode  having  an  active  device  diam¬ 
eter  of  2  mils.  A  similar  p-n  junction  device  delivered  275  mW  of  CW  power  at  32  GHz  with 
an  efficiency  of  7.8  percent.  This  device  also  produced  13  dB  of  small  signal  gain  at  com¬ 
parable  frequencies  when  operated  as  an  amplifier. 

Magnetic  field  tuning  over  a  range  of  about  2  percent  of  the  laser  energy  has  been  observed 

for  PbS,  Sc  diode  lasers  at  10°K.  For  a  PbS~  00Se,A  diode,  the  laser  gain  spectrum  was 
1-X  X  0.82  0.18  try  t- 

found  to  shift  at  a  rate  of  about  0.44  cm  /kG,  whereas  the  fine  tuning  rate  of  an  individual 
mode  of  a  PbS^  ^SCq  ^  diode  laser  was  about  1  MHz/kG. 

Laser  emission  has  been  observed  in  vapor-grown  Pb,  Ge  Tc  and  Pb,  Ge  S  crystals  opti- 

.1  X  X  .L  —X  X 

cally  pumped  using  a  GaAs  diode  laser  source.  For  two  different  compositions  of  Pbj  ^Ge^Te, 
the  wavelengths  at  10°K  were  5.4  and  5.27pm,  respectively,  and  for  a  Pbj  Ge  S  crystal  the 
wavelength  was  3.43  pm  at  10°K  and  3.33pm  at  40°K.  These  results  suggest  that  the  two 
materials  are  potentially  useful  for  fabricating  diode  lasers  throughout  the  3.4-to6.6-pm 
wavelength  range. 


LI.  QUANTUM  ELECTRONICS 

Laser  emission  spectra  were  observed  from  In^Ga^^As  and  InP  crystals  pumped  at  low  tem¬ 
perature  by  pulsed  GaAs  diode  lasers.  From  the  axial  mode  spacing,  an  effective  index  of 
refraction  is  found  which  is  much  larger  than  that  observed  for  diode  lasers  of  similar  ma¬ 
terials.  This  increase  occurs  because  the  emission  frequencies  of  the  optically  pumped  la¬ 
sers  are  much  closer  to  the  band  edge  than  are  the  emission  frequencies  of  the  diodes.  Mode 
broadening  occurs  at  high  temperatures,  and  may  be  attributable  to  chirping  caused  by  in¬ 
creased  heating  arising  from  the  increased  pump  intensity  necessary  for  high -temperature 
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operation.  At  high  temperatures,  two  separate  sets  of  modes  in  InP  have  been  observed  sep- 

o 

arated  by  ~6  A.  This  corresponds  to  the  transverse  mode  spacing  predicted  by  an  ~20-/am- 
wide  guiding  region. 

A  Q-switched  YAG  laser  has  been  used  to  optically  pump  PbS^Se^^  crystals  at  low  tempera¬ 
ture.  A  single  alloy  composition  crystal  operated  as  a  laser  over  a  range  of  up  to  10  pereent 
of  the  eenter  frequency.  This  provides  a  fractional  tuning  range  comparable  to  a  dye  laser. 
By  using  several  alloy  compositions,  laser  action  has  been  observed  from  3.  0  to  8.6  jam. 

Three  water-vapor  absorption  lines  were  studied  at  atmospherie  pressure  using  a  tunable 
PbSxSe^_x  diode  laser.  The  lines  were  identified  and  their  widths,  strengths,  and  relative 
positions  were  measured.  Comparing  present  results  with  earlier  work,  we  find  that  these 
high  J  lines  are  a  factor  of  2  to  4  narrower  than  previously  estimated,  the  strengths  agree 
within  experimental  error,  and  the  relative  line  positions  differ  by  several  hundredths  of  a 
wave  number. 

Work  continues  on  determining  parameters  of  the  Vj-band  of  SC^  using  tunable  laser  spee- 

troseopy.  The  intensities  of  several  isolated  lines  were  measured.  From  these  data,  the 

-20  -1  -1  2 

total  band  strength  was  found  to  be  358  ±  20  x  10  cm  mol  em  ,  and  the  effective  vibra¬ 
tional  transition  moment  was  determined  to  be  0.086  ±  0.003  D. 

111.  MATERIALS  RESEARCH 

The  principal  features  of  the  energy  bands  for  transition  metal  TX£  compounds  crystallizing 
in  the  pyrite,  mareasite,  and  arsenopyrite  structures  have  been  derived  on  the  basis  of  sym¬ 
metry  arguments  and  the  conceptual  phase  diagrams  previously  developed.  The  structure - 
determining  interactions  are  argued  to  be  eation-anion  interactions,  not  cation -cation  inter¬ 
actions.  Except  in  the  MnX^  chal  cogen  ides  and  CrSb^,  the  3d-eleetrons  appear  to  be  itinerant 
rather  than  localized,  and  the  crystallographic  determinant  is  not  the  conventional  Jahn -Teller 
mechanism. 

The  growth  of  ZnTe  crystals  from  the  vapor  phase  in  an  open  tube  system  has  been  studied  in 
order  to  determine  the  effect  of  carrier  gas  velocity  on  the  degree  of  supersaturation  required 
for  nueleation  and  growth.  At  the  lowest  velocities,  the  difference  between  the  temperature 
at  which  the  carrier  gas  was  saturated  and  the  temperature  required  for  nueleation  was  20° 
to  30°C.  With  increasing  velocity,  the  temperature  difference  decreased  to  a  minimum  of 
essentially  zero  at  Reynolds  numbers  of  1000  to  2000  and  then  increased  significantly. 

o 

Auger  electron  spectroscopy  has  been  used  to  determine  impurity  profiles  of  200-A-thiek  gold 
films  deposited  by  evaporation  on  Pyrex  whieh  has  first  been  coated  with  a  very  thin  layer  of 
niehrome  (Ni,  Cr,  Fe)  or  Kanthal  (Fe,  Cr,  Al).  After  the  gold -niehrome -Pyrex  composite 
has  been  annealed  at  600°C  in  air  for  16  hours  (the  procedure  used  to  obtain  adhering  films 
for  transparent  furnaces),  the  Ni  and  most  of  the  Fe  are  found  at  the  outer  surface  of  the  gold, 
while  most  of  the  Cr  remains  at  the  gold-Pyrex  interface. 
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IV.  PHYSICS  OF  SOLIDS 

The  phosphor  upconversion  studies  have  continued.  In  gagarinite  (NaY^  ^Yb^  oi^4^’ 

the  excitation  and  emission  spectra  have  been  investigated.  Also,  measurements  of  the  phos¬ 
phor  efficiency  have  been  made;  primary  efforts  have  concentrated  on  increasing  the  near- 
infrared  input  intensity  in  an  attempt  to  establish  the  upper  bounds  of  achievable  efficiency. 
In  the  ZnS  phosphor  program,  infrared  stimulation  measurements  on  a  nominally  undoped  ZnS 
indicate  a  behavior  which  is  qualitatively  identical  to  that  observed  in  doped  ZnS:Cu,Al.  Pre¬ 
liminary  solutions  to  the  rate  equations  for  one  set  of  values  of  the  various  parameters  indi¬ 
cate  results  qualitatively  in  accord  with  experiment. 

In  the  high -resolution  laser  spectroscopy  program,  studies  of  the  fundamental  vibration- 
rotation  bands  of  nitric  oxide  have  now  been  extended  to  Q  branches.  Several  lines  near  the 
head  of  both  the  ant*  ^1/2  branches  have  been  fully  resolved  for  the  first  time;  both 

A -type  doubling  and  nuclear  hyperfine  structure  are  observed  for  the  first  few  Qj  ^  absorp¬ 
tion  lines. 

The  frequency  gain  (loss)  profile  of  several  vibrational -rotational  lines  of  a  CO  gas  laser  am¬ 
plifier  was  measured  using  a  tunable  PbSSe  laser  operating  near  5.  3  pm.  With  a  linewidth  of 
<1  MHz,  the  current-tuned  semiconductor  laser  completely  resolves  the  lineshape  of  each  in¬ 
dividual  line. 

High-resolution  spectra  have  also  been  obtained  in  methane,  nitrogen  dioxide,  and  water  va¬ 
por  by  means  of  a  current -tuned  PbT'e  diode  laser  emitting  near  6.5  pm. 

The  recently  developed  technique  of  obtaining  submillimeter  radiation  from  molecular  gases 
by  optically  pumping  with  CO^  lasers  on  a  quasi -CW  basis  has  been  extended  to  the  high- 
power  regime  by  use  of  a  CO^  TEA  laser  (~0.  7  MW).  In  addition  to  increasing  the  submilli¬ 
meter  power  output,  a  large  number  of  previously  unreported  lines  were  found  in  CH^OH  and 
CH3F. 

In  other  high -re  solution  infrared  studies,  the  photoconductivity  spectral  response  of  n -type 
10  3 

ultrapure  (~2  x  10  donors/cm  )  germanium  was  investigated  by  Fourier  spectroscopy  in 
the  range  60  to  120  cm  *  and  at  liquid  helium  temperatures.  The  spectral  response  appears 
to  be  due  to  four  hydrogen-like  series  of  transitions,  two  of  which  have  been  tentatively  iden¬ 
tified  from  earlier  low -resolution  studies  as  arising  from  antimony  and  phosphorous  donors. 
Previously  unobserved  structure,  due  to  transitions  to  the  higher  excited  p  and  f +  levels  of 
hydrogen-like  shallow  donors,  has  been  found  and  identified. 

The  room -temperature  far-infrared  reflectivity  of  paratellurite ,  TeCL  ,  has  been  investigated 

-1  1 

from  50  to  400cm  using  a  Fourier  spectrometer.  Due  to  the  presence  of  optical  activity, 

transparency  from  0.33  to  6.5 /xm,  strongly  birefringent  refractive  indices,  an  extremely  slow 
Ol0^  shear  wave,  and  a  lack  of  center  of  inversion,  TeC^  appears  promising  for  piezo¬ 
electric,  acousto -optic,  and  nonlinear  optical  applications. 

The  spontaneous  spin -flip  linewidth  is  an  important  parameter  which  affects  the  gain,  thresh¬ 
old,  and  fine  tuning  of  the  spin -flip  Raman  laser.  In  an  effort  to  understand  theoretically  the 
lineshape  in  n-type  InSb,  the  effects  of  ionized  impurity  scattering  at  low  temperatures  have 
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been  derived  by  means  of  a  Bethe-Salpeter  transport  equation.  The  results  are  similar  to 
those  obtained  previously  by  using  a  phenomenological  relaxation -time  ansatz. 


V.  MICROELECTRONICS 

Because  of  the  diversified  nature  of  the  service  programs,  it  has  become  customary  to  re¬ 
port  on  only  a  few  of  the  current  programs  in  each  of  the  major  areas  within  the  microelec¬ 
tronics  program.  In  order  to  provide  a  broader  view  of  the  overall  activities,  at  least  on  an 
occasional  basis,  we  have  chosen  to  summarize  here  all  (or  nearly  all)  of  our  current  service 
commitments. 

The  mask -making  area  produces  about  100  masks  per  month,  and  approximately  10  to  20 
masks  are  employed  in  the  microelectronics  programs  while  much  of  the  remainder  is  sup¬ 
plied  to  groups  involved  in  surface  wave  acoustics,  LSI,  and  materials  research.  The  quality 
of  delivered  masks  has  improved  considerably  as  a  result  of  an  intense  investigation  during 
the  last  few  months  into  the  causes  of  mask  defects.  The  yield  of  high-resolution  masks  con¬ 
tinues  to  be  low  primarily  because  of  contamination  problems  in  the  mask -making  area. 

Current  major  service  programs  in  the  semiconductor  area  include: 

(a)  Semiconductor  structures  for  the  surface  wave  acoustics  program. 

(b)  Double -sided  semiconductor  devices  for  nuclear  particle  detectors. 

(c)  Photodiode  arrays  for  the  Educational  Technology  Program. 

(d)  Large  silicon  devices  for  an  optoelectronics  sensor  program. 

(e)  Several  types  of  silicon  devices  for  the  EBS  (electron  beam  semiconductors) 
program. 

(f)  Silicon  wafers  with  various  diffusions  for  the  LSI  program. 

(g)  Microwave  devices  with  special  geometry. 

Minor  programs  include: 

(a)  Special  devices  or  structures  for  several  unrelated  programs. 

(b)  Silicon  dioxide  deposition  for  the  materials  research  group. 

(c)  Assorted  devices  for  an  in-house  stock  of  parts  for  hybrid  programs. 

Present  programs  in  the  thin -film  area  include: 

(a)  High-quality  aluminum -silicon  alloy  film  deposition  on  silicon  wafers  for  the 
LSI  program. 

(b)  Electron  beam  film  evaporation  in  support  of  the  surface  wave  acoustic 
program. 

(c)  Thin -film  substrates  for  a  2-GHz  transistor  amplifier. 

(d)  Thin -film  substrates  for  a  3 -MHz  limiter,  30 -MHz  limiter,  feedback  am¬ 
plifier,  and  several  other  hybrid  circuits. 
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(e)  Preparation  of  transition  metal  oxide  films  for  metal -insulator  transition 
studies. 

(f)  Thin -film  structures  for  microwave  circulators. 

In  addition,  the  thin -film  area  provides  routine  processing  of  about  100  items  per  month. 

The  bonding  and  assembly  area  has  fabricated  about  50  prototype  hybrid  circuits  during  this 
quarter,  apart  from  the  assembly  and  packaging  of  devices  relating  to  the  programs  listed 
under  the  semiconductor  area.  The  bonding  area  also  undertakes  about  15  to  20  separate  and 
special  tasks  per  month  for  other  groups. 

The  throughput  time  for  hybrid  circuits  presently  averages  about  3  months,  and  at  least  6 
weeks  of  this  time  is  the  delay  associated  with  the  procurement  of  devices  or  parts  from  in¬ 
dustry.  When  the  parts  are  all  fabricated  in-house  (as,  for  example,  in  the  case  of  the  photo¬ 
diode  array  for  the  Educational  Technology  Program),  the  throughput  time,  which  includes 
some  development  effort,  is  28  days. 

The  research  and  development  programs  have  been  less  active  recently  as  a  result  of  in¬ 
creased  service  commitments.  Air-gap  crossovers  for  monolithic  integrated  circuit  metal  - 
ization  has  received  some  attention  and  is  being  designed  into  a  digital  diode  matrix.  The 
laser  scanner  for  testing  integrated  circuits  is  being  used  as  a  working  test  instrument  for 
service  programs,  and  no  further  development  is  planned. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  DETECTIVITY  MEASUREMENTS  ON  GUARDED  InSb  n-p  JUNCTIONS 
FABRICATED  USING  PROTON  BOMBARDMENT 

Infrared  detectivity  as  a  function  of  wavelength  was  measured  for  the  InSb  n-p  junction 
photodiodes  with  annular  guard- ring  field  plates  which  were  described  in  a  previous  report.  To 
do  this,  the  relative  spectral  response,  blackbody  responsivity,  noise,  and  quantum  efficiency 
of  these  devices  were  measured  with  the  diode  at  77  °K.  For  these  measurements,  the  field- 
plate  voltage  was  adjusted  to  give  the  highest  zero- bias  device  resistance.  In  addition,  the  diode 
voltage  was  adjusted  using  a  high-resistance  (100  megohm)  metal-film  resistor  and  a  variable 
power  supply.  The  diode  voltage  was  measured  using  an  electrometer,  and  kept  to  within  ±1  mV 
of  zero  voltage. 

Background  radiation  which  was  incident  on  the  device  was  varied  using  different  cooled 
apertures  between  the  diode  and  the  (295  °K)  room- temperature  background.  The  size  of  these 
apertures  was  varied  to  give  backgrounds  varying  from  a  90°FOV,  295  °K  background  to  a  com¬ 
pletely  shielded  (77  °K)  background. 

The  relative  response  measured  as  above  was  found  to  be  independent  of  background.  Also, 
the  blackbody  responsivity  was  found  to  be  essentially  independent  of  background,  although  in 
some  cases  a  slight  increase  in  responsivity  was  observed  as  the  background  was  reduced.  How¬ 
ever,  the  noise  was  found  to  be  a  strong  function  of  the  background  radiation,  decreasing  as  the 
background  was  reduced.  For  the  completely  shielded  case,  the  biasing  resistor  and  power 
supply  were  omitted,  since  the  diode  voltage  was  within  ±1  mV  of  zero  voltage  without  them. 

I)etectivity-vs- wavelength  curves  were  calculated  for  these  devices  using  the  responsivity 
measured  with  the  20°  FOV  aperture,  and  the  noise  measured  in  the  completely  shielded  situa¬ 
tion.  It  should  be  noted  that  this  calculation  should  slightly  underestimate  the  detectivity  in  the 
reduced  background  situation,  since  the  responsivity  was  found  to  increase  slightly  as  the  back¬ 
ground  was  reduced. 

The  detectivity- vs- wavelength  curve  for  the  diode  with  the  largest  detectivity  is  shown 
in  Fig.  I—  1 ;  also  shown  is  the  quantum  efficiency  (QE)  at  the  wavelength  of  peak  response.  For 
this  device,  the  resistance  at  zero  bias  was  ~20  megohms,  as  determined  using  DC  current- 
voltage  measurements.  It  should  be  noted  that  the  measured  detectivity  value  of 
2.75  x  1012  cm *s/ Hz /W  is  close  to  but  somewhat  less  than  the  value  of  4  x  10  2  cm n/Hz/W  deter¬ 
mined  by  the  device  Johnson  noise  and  quantum  efficiency. 

A.  G.  Foyt  W.  T.  Lindley 

C.  E.  Hurwitz  J.  P.  Donnelly 

B,  InSb  p-n  JUNCTION  PHOTODIODES  FABRICATED  BY  Zn+  ION  IMPLANTATION 

High-quality  planar  p-n  junction  photodiodes  have  been  fabricated  in  InSb  by  the  implantation 
of  400-kV  Zn  ions  into  n-type  InSb. 
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Section  I 


Fig.  1-1.  Detectivity  vs  wavelength  for  20-mil- 
diometer  InSb  photodiode  fobricoted  using  proton 
bombardment  to  creote  n-type  layer. 


Prior  to  implantation,  each  sample  was  coated  with  thin  (~1000  A)  sputtered  SiO^  to  protect 
the  sample  surface.  The  implantations  were  done  with  the  samples  at  room  temperature  using 
a  400- kV  Zn+  ion  current  of  10  A/cm  to  give  a  total  ion  dose  of  ~  5  X  10  /cm  .  Each  sample 
was  then  annealed  at  350  °C  in  a  atmosphere.  The  SiO^  layer  was  then  removed,  a  thin 
(7  00  A)  layer  of  InSb  removed,  and  the  sample  recoated  with  a  pyrolytic  SiON  layer  to  stabilize 
the  surface. 

Zero-bias  resistances  of  1  to  3  megohms  at  77  °K  have  been  shown  by  20- mil- diameter  cir¬ 
cular  planar  diodes  made  in  this  way.  In  reduced  background,  the  peak  detectivity  of  these 
devices  is  ~  lO1^  cnWllz/W  at  5.3  pm.  The  quantum  efficiencies  of  these  diodes  are  high, 

~60  percent  at  5.3  pm  for  devices  with  no  antireflection  coating.  In  addition,  the  quantum  effi¬ 
ciency  remains  high  (over  40  percent)  from  the  peak  wavelength  (5.3  pm)  to  wavelengths  as  short 

as  1  pm.  c.  g  Hurwitz  J.  P.  Donnelly 

A.G.  Foyt  W.  T.  Lind  ley 


C.  K-BAND  BaAs  IMPATT  DIODES 

A  CW  oscillator  power  output  of  380  mW  at  28  GHz  with  an  efficiency  of  6.8  percent  has  been 
achieved  with  an  epitaxial  GaAs  Schottky  barrier  IMPATT  diode  having  an  active  device  diam¬ 
eter  of  2  mils.  Also,  27  5mW  of  CW  power  at  32  GHz  with  an  efficiency  of  7.8  percent  have  been 
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produced  by  a  p-n  junction  device  also  having  a  2- mil  junction  diameter.  This  device  produced 
about  13dB  of  small  signal  gain  at  comparable  frequencies  when  operated  as  an  amplifier. 

A  sketch  of  the  epitaxial  Schottky  barrier  device  is  shown  in  Fig.  1-2.  This  device  is  fab¬ 
ricated  on  an  n-n+  epitaxial  GaAs  substrate,  with  electron  densities  in  the  epitaxial  layer  from 
1 S  3 

5  to  9  x  10  electrons/cm  .  The  first  step  in  the  device  fabrication  is  to  etch  a  3.5-pm-deep 
grid  of  channels  into  the  epitaxial  side  of  a  thick  (~  15  mils)  wafer  of  GaAs  using  photolitho¬ 
graphic  techniques.  A  0.2- pm  layer  of  platinum  is  then  plated  over  the  entire  epitaxial  surface, 
which  forms  the  active  Schottky  barrier.  A 
thick  (4  to  5  mils)  layer  of  copper  is  then  plated 
onto  the  platinum  to  ensure  an  intimate  thermal 
contact  with  the  heat- producing  region  of  the 
diode.  Measurements  of  the  thermal  resist¬ 
ance  of  mounted  devices  by  various  means 
have  yielded  thermal  resistances  near  the 
theoretically  predicted  minimum. 

The  thick  layer  of  GaAs  is  then  lapped  and 
polished  from  the  side  opposite  the  copper  heat 
sink  until  only  a  thin  (3  pm)  layer  of  GaAs  re¬ 
mains,  as  indicated  by  the  channels  described 
above.  Chrome-gold  back  contacts  (3  pm  thick,  1.5  to  3  mils  in  diameter)  are  then  patterned 
onto  the  wafer.  The  sample  is  then  bombarded  with  400-kV  protons  which  penetrate  the  3pm 
of  GaAs.  The  Cr-Au  back  contacts  are  sufficiently  thick  to  completely  shield  the  material 
under  them  from  the  proton  beam.  The  bombarded  GaAs,  which  is  converted  to  semi-insulating 
material,  serves  to  isolate  device  areas  and,  most  importantly,  to  suppress  edge  breakdown. 
Also,  this  process  affords  both  case  and  precision  in  the  delineation  of  device  areas.  The  bom¬ 
barded  wafer  is  then  diced  on  a  multi-cut  string  saw,  and  packaged. 

The  p-n  junctions  are  fabricated  by  zinc  implantation.  Thus  far,  this  has  only  been  done 
on  a  wafer  of  bulk  GaAs,  with  the  results  mentioned  above.  The  heat- sinking  and  guarding 
techniques  employed  were  similar  to  those  already  described.  Contact  to  the  p- region  is  in 
this  case  made  by  a  plated  layer  of  platinum. 

The  ultimate  objective  of  this  effort  is  to  provide  the  active  elements  of  the  amplifier  for 
the  K-band  transmitter  in  the  LES-8  and  -9  satellites.  To  this  end,  the  diodes  must  be  capable 
of  handling  power  levels  on  the  order  of  iw  at  36  to  38  GHz  for  several  years.  An  immediate 
objective  is  to  adjust  the  external  microwave  circuitry  and/or  the  electron  density  in  the  active 
layer  in  order  to  obtain  operation  in  the  desired  frequency  range.  In  addition,  various  mech¬ 
anisms  (e.g.,  alloying,  diffusion  effects,  breakdown  of  the  proton  guarding )  which  could  cause 
failure  after  long  continuous  use  are  being  examined,  and  life  testing  of  the  diodes  is  being  started. 

K.  A.  Murphy  D.M.  Snider* 

W.  T.  Lindley  A.G.  Foyt 

D.  F.  Peterson* 
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Fig.  1-2.  Section  of  Schottky  barrier  epitaxial 
IMPATT  diode. 


*  (»roup  63. 
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Fig.  1-3.  Gross  frequency-tuning  characteristics  of  PbSQ^  82^e0.  18  ^oser:  (°)  generol 
magnetic-field  characteristics,  (b)  detailed  low-field-made  frequencies. 
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D.  MAGNETIC- FIELD-TUNED  PbSSe  LASERS  FOR  HIGH-RESOLUTION 
SPECTROSCOPY 

Magnetic-field  tuning  has  been  used  to  significantly  extend  the  tuning  capabilities  of  PbSSe 

2 

semiconductor  lasers.  In  addition  to  achieving  an  increased  tuning  range  (~2  percent  of  the 
laser  energy),  wc  have  also  studied  the  details  of  the  continuous  Fabry- Perot  mode  fine  tuning 
produced  by  the  magnetic  field.  The  semiconductor  lasers  of  PbS^  x^ex  were  operated  CW  at 
4.7  and  5.4  ^m  for  x  =  0.18  and  0.39,  respectively.  The  devices  were  mounted  on  the  cold  finger 
of  a  liquid  helium  dewar  at  10°  to  12  °K  with  the  magnetic  field  applied  parallel  to  the  current 
flow  using  either  a  conventional  electromagnet  providing  18.5  kG  or  a  100-kG  superconducting 
solenoid.  The  output  power  under  typical  operating  conditions  occurred  in  two  or  three  closely 
spaced  (~0.6  cm  )  strong  modes  with  ^.lOpW  in  each  mode.  The  gross  tuning  of  the  center  of 

_  \ 

the  mode  pattern  was  measured  using  a  double- grating  spectrometer  with  a  resolution  ^  0. 1  cm 
Measurement  of  the  fine-tuning  rate  of  the  individual  modes  was  made  by  tuning  the  mode  through 
a  gas  absorption  of  known  width.  Accurate  determination  of  this  fine-tuning  rate  using  the 

spectrometer  was  not  possible  since  the  total  fine-tuning  range  of  a  single  mode  tuned  with  mag- 

-  1 

netic  field  was  quite  small  (0.1  to  0.2  cm  ). 

Figure  I- 3(a)  illustrates  the  gross  magnetic-field  tuning  of  a  4.7-pm  PbS^  g^Se^  \ g  laser 
operating  CW  near  10°K  at  a  current  of  about  50  percent  above  laser  threshold.  The  points 
locate  the  strongest  operating  mode  which  is  close  to  the  center  of  the  spontaneous  gain.  The 
two  branches  are  associated  with  different  electronic  transitions  between  the  spin- split  Landau 
levels  of  the  conduction  and  valence  bands.  Very  similar  behavior  has  been  observed  in  other 
semiconductor  lasers  such  as  PbTe,  PbSe  (Ref.  3),  and  InSb  (Ref.  4).  The  CW  output  power  of 
this  device  was  substantially  unaffected  by  the  large  magnetic  field  up  to  the  largest  field  em¬ 
ployed  of  90  kG.  Presumably,  the  tuning  could  be  extended  considerably  above  the  values  of 
Fig.  l-3(a)  if  the  magnetic  fields  were  available.  Using  this  laser,  we  have  obtained  high- 
resolution  spectra  of  several  of  the  P-branch  lines  of  CO  between  P(8)  and  P(3).  The  locations 
of  these  absorption  lines  are  indicated  on  the  right-hand  margin.  Spectra  were  obtained  by 
adjusting  the  magnetic  field  to  obtain  a  mode  near  the  absorption  and  then  current- tuning  this 
mode  through  the  absorption  frequency.  While  the  mode  could  be  fine-tuned  with  the  magnetic 
field,  our  detailed  measurements  reveal  several  difficulties  with  this  procedure  as  will  be 
described  below.  The  locations  of  the  laser  modes  present  up  to  18  kG  are  shown  in  Fig.  I- 3(b). 

It  is  difficult  to  follow  the  position  of  a  mode  with  field  since  the  range  of  a  mode  is  usually  only 

-  1 

3  to  5  kG  and  the  frequency  change  over  this  interval  is  0.1  cm  or  less.  While  this  rapid  mode 

hopping  may  appear  to  be  troublesome,  the  multitude  of  operating  modes  (up  to  1 1  in  this  case) 

_  \ 

permits  nearly  complete  coverage  of  the  entire  frequency  range  between  2108  and  2146  cm 

Measurement  of  the  fine-tuning  rate  of  the  laser  modes  was  difficult  because  of  the  narrow 
tuning  range  of  individual  modes.  It  was  necessary  to  use  the  gas  absorption  technique  described 

_  i 

below.  The  output  mode  of  a  PbS^  18  *aser  °Pe rating  near  2115  cm  was  transmitted 

through  a  10-cm  gas  cell  containing  0.05  torr  of  CO  gas  at  room  temperature.  The  laser  mode 
could  be  tuned  through  the  P(7)  absorption  line  of  the  gas  which  at  this  pressure  has  the  Gaussian 
Doppler  profile  with  a  Doppler  width  of  148  MHz  (Ref.  2).  Measuring  the  magnetic-field  incre¬ 
ment  required  to  tune  through  the  Doppler  width  gives  the  magnetic-field  fine-tuning  rate.  Since 
the  mode  frequency  can  be  independently  controlled  by  the  diode  current,  it  was  possible  to 
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Fig.  1-4.  Fine-tuning  characteristics 
af  PbS(y  82^e0  18  ^aser  m°de  showing 
(a)  rapid  change  in  tuning  rate  df/dB 
with  field,  and  (b)  field  dependence 
af  made  frequency  (see  text). 


change  the  magnetic  field  at  which  the  P(7)  absorption  occurred.  Hence,  the  fine-tuning  rate 
could  be  measured  at  several  magnetic  fields  over  the  tuning  range  of  the  mode.  The  results  of 
this  procedure  are  shown  in  Fig.  l-4(a).  The  tuning  rate  df/dB  changes  by  almost  a  factor  of 
4  over  the  narrow- field  interval  between  10  and  13kG.  Another  technique  which  provided  con¬ 
sistent  results  involved  measuring  the  change  in  field  necessary  to  reach  the  absorption  line 
after  a  change  in  current.  The  current  was  calibrated  in  terms  of  frequency  (243MHz/mA)  by 
current- tuning  the  mode  through  the  same  gas  absorption.  This  procedure  yielded  the  relative 
frequency  calibration  shown  in  Fig.  1- 4(b).  The  slope  of  this  line  gives  a  magnetic-field  tuning 
rate  in  quite  good  agreement  with  that  determined  by  measuring  the  width  of  the  gas  absorption. 

A  nonlinear  variation  such  as  shown  in  Fig.  I- 4(b)  severely  complicates  use  of  this  tuning  tech¬ 
nique  for  high- resolution  spectroscopy  due  to  the  difficulty  in  obtaining  an  accurate  tuning  cali¬ 
bration  at  all  fields.  The  nonlinear  behavior  of  df/dB  may  be  less  important  at  high  fields  where 
the  variation  of  the  energy  gap  with  field  [Fig.  1-  3 (a )]  becomes  quite  linear.  However,  detailed 
measurements  of  the  tuning  characteristics  have  not  been  made  above  ~17  kG. 

The  magnetic-field  tuning  rate  df/dB  can  be  directly  related  to  the  magnetic-field  dependent 
optical  index  n. 


J_  _df_  _  _  1  On 

f  dB  n  Pf.  3B 
eff 


(1-1) 


_  i 

Here,  n  ff  5.8  is  the  effective  index  deduced  from  the  mode  spacing  (0.57  cm  )  and  the  laser 

eii  _  i 

length  (0.15cm).  Mode  pulling  is  neglected  in  Eq.  (1-1)  since  the  spontaneous  width  (~5cm  ) 

is  large  compared  with  the  cavity  linewidth.  Over  the  range  from  10  to  1  3  kG  in  Fig.  l-4(a-b), 
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the  quantity  dn/d B  |f  changes  from -0.4  to -1.5  X  10"?/G.  This  is  the  first  observation  of  a 
nonlinear  variation  of  the  mode  frequency  with  magnetic  field.  In  addition  to  severely  limiting 
the  usefulness  of  magnetic- field  fine  tuning  of  diode  lasers,  the  nonlinear  variation  of  the  index 
with  field  may  also  have  implications  for  other  magnetic-field  tuned  lasers  such  as  the  low- field 
InSb  spin- flip  laser. 


K.  W.  Nill 
F.  A.  Blum 


A.  R.  Calawa 
T.  C.  Harman 


E.  OPTICALLY  PUMPED  Pb1  Ge  Te  AND  Pb,  _  Ge  S  LASERS 

i  X  1  "X  X 

Laser  emission  has  been  observed  in  vapor-grown  Pb.  Ge  Te  and  Pb.  Ge  S  crystals  op- 

1  —  X  X  1  —  X  X 

tically  pumped  using  a  GaAs  diode  laser  source.  The  results  suggest  that  these  materials  are 
potentially  useful  for  fabricating  diode  lasers  at  any  desired  wavelength  in  the  3.4-  to  6. 6- pm 
range  which  is  bounded  by  the  shortest  wavelength  so  far  observed  in  Pb^  xGe^S  and  the  wave¬ 
length  of  PbTe  lasers. 


TABLE  1-1 

OPTICALLY  PUMPED  Pb,  Ge  Te  AND  Pb,  Ge  S 

l-x  X  l-x  X 

LASERS 

Sample 

Crystal 

Nominal  Source 
Campasitian 

Temperature 

Wa  velength 

Threshold 
Pump  Power 

Material 

Na. 

Na. 

(°K) 

(pm) 

(W) 

Pb,  Ge  Te 

1  -x  X 

IT 

VG-Bi-2 

0.087 

10 

5.4 

4.0 

2T 

VG-Bi-2 

0.087 

10 

5.4 

2.0 

3T 

MCVG 

0. 15 

10 

5.27 

0.3 

Pb.  Ge  S 

1  -x  X 

IS 

1.5-2 

0.015 

10 

3.40 

5.0 

2S 

1.5-2 

0.015 

10 

3.42 

3.0 

3S 

1.5-2 

0.015 

10 

3.  43 

1.5 

3S 

1.5-2 

0.015 

40 

3.33 

3.5 

The  results  on  a  number  of  Pb.  Ge  Te  and  Pb.  Ge  S  samples  are  summarized  in  Table  1-1. 
Emission  spectra  of  a  Pb^  x^ex^  laser  (sample  2S)  below  and  above  threshold  are  shown  in 
Fig.  1-5.  The  crystals  were  grown  at  800 °C  by  the  vertical  closed- tube  vapor-growth  technique 
previously  used  in  growing  other  lead- chalcogenide  crystals.  Crystal  VG-Bi-2  was  Bi-doped, 
whereas  the  other  two  crystals  were  undoped.  The  lowest  annealing  temperatures  for  crystals 
VG-Bi-2,  MCVG  and  1.5-2  were  350°,  550°  and  500°C,  respectively.  The  lack  of  correlation 
between  the  nominal  source  composition  and  the  laser  output  wavelength  for  crystals  VG-Bi-2 
and  MCVG  is  possibly  due  to  precipitated  GeTe.  The  laser  cavity,  typically  300  pm  long,  was 
either  formed  by  cleaved  or  by  as-grown  (100)  crystal  faces.  The  crystals  were  mounted  in 
front  of  the  emitting  face  of  the  GaAs  diode  laser  which  was  mounted  on  a  heat  sink  in  a  variable 
temperature  dewar,  and  the  emission  from  the  sample  was  observed  in  a  direction  perpendicular 
to  the  direction  of  the  pump  beam. 
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Fig.  1-5.  Emission  spectra  of  optically  pumped 
Pb]_xGexS  loser  (sample  2S)  ot  10°K  below 
threshold  for  GoAs  pump  power  of  1.5  W,  ond 
obove  threshold  for  pump  power  of  4  W.  Laser 
linewidths  are  limited  by  resolution  of  LiF 
prism  spectrometer  used. 


The  laser  threshold  is  given  in  Table  1-1  in  terms  of  the  total  incident  0.84-pm  pump  power, 
of  which  about  one-half  is  reflected  by  the  surface  of  the  sample.  The  wavelengths  of  both 
Pb  Ge  Te  and  Pb  Ge  S  lasers  are  very  closely  the  same  for  crystals  from  the  same  vapor 
growth.  For  Pb^  ^Ge^Te,  the  wavelength  can  be  compared  with  the  6.6-pm  wavelength  of  PbTe 
lasers,  and  for  Pb^  Ge  S  with  the  4.3- pm  wavelength  of  PbS. 

I.  Melngailis 
T.  C.  Harman 
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II.  QUANTUM  ELECTRONICS 


A.  DIODE-PUMPED  InxGal  xAs  AND  InP  LASERS 

Previous  work  on  optically  exeited  lasers  has  been  extended  to  inelude  diode- pumped 

samples  of  111- V  semiconductor  compounds.  For  example.  In  Ga,  As  samples  with  previously 

S  2  |  xix 

measured  thresholds  of  ~  1 0  W/em  at  room  temperature  should  be  eapable  of  being  exeited 

6  2 

by  diode  pumps  whose  intensities  typieally  reaeh  10  W/em  .  However,  at  the  divergence  angles 
typieal  for  diode  lasers,  maintaining  this  pump  intensity  requires  very  good  optieal  coupling  to 
the  sample  and  operation  at  power  levels  where  the  probability  of  diode  failure  is  high.  For¬ 
tunately,  preliminary  material  eharaeterization  as  well  as  other  important  information  ean  be 
obtained  by  operating  at  low  temperatures  where  the  thresholds  for  laser  operation  are  consid¬ 
erably  reduced.  We  present  data  obtained  on  thresholds,  operating- mode  characteristics,  and 
material  parameters  for  several  compositions  of  ln^Ga^  ^As  and  InP  pumped  by  pulsed  (200- nsec 
pulse  length)  GaAs  diodes. 

Some  of  the  material  properties  for  the  samples  used  in  this  work  are  shown  in  Table  II- 1. 
All  the  samples  were  n-type.  With  exception  of  sample  2,  the  In^Ga^  ^As  samples  were  all 
epitaxially  grown  on  conducting  substrates  and  no  further  electrical  characterization  was  at¬ 
tempted.  The  InP  samples  were  polished  from  Czoehralski-grown  material.  Table  II- 1  also 
shows  the  observed  20  °K  lasing  wavelengths  and  the  temperature  range  over  which  laser  action 
has  been  achieved  using  diode  pumps.  The  samples  were  prepared  and  mounted  as  described 
in  lief.  1 . 


TABLE  IM 

Sample  No. 

Nd-Na  (300°K) 

(cm  3) 

p  (300° K) 

2 

(cm  /V-sec) 

XL  (20°  K) 
(A) 

Temperature 

(°K) 

n 

e 

1 

ln0.05G°0.95As 

- 

- 

8710 

20 

9.6 

2 

ln0.05Go0.95As 

1 . 2  X  1015 

6100 

8720 

20 

7.3 

3 

ln0.08Ga0.92As 

- 

- 

8940 

20  ta  200 

8.0  ±0.3 

4 

ln0.14Ga0.95As 

- 

- 

9900 

20 

9.2  ±0.3 

5 

InP 

2.  3  X  1015 

3200 

8800 

20  to  80 

10.6  ±0.4 

Figure  11-1  shows  typieal  20  °K  laser  emission  spectra  from  each  of  the  samples  used  in 
this  work.  The  resolution  used  is  shown  in  the  upper  trace  by  the  small  vertical  lines.  These 
curves  were  obtained  using  sample  eavity  lengths  which  match  the  diode  pump  width  thus 
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Th-moms-H 


Fig.  1 1-1.  Laser  emission  spectra  far  lnxGa]  -xAs  and  InP  lasers.  Far  sample  1,  x~0.05; 
sample  2,  x  ~  0.05;  sample  3,  x  cr  0.08;  and  sample  4,  x  ~  0.  14. 
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2 

excluding  any  shift  of  operating  wavelength  by  a  lossy  or  unexcited  cavity.  As  expected  for  the 
In^Ga^  xAs,  the  wavelength  at  which  the  sample  lases  increases  with  InAs  alloy  content  at  a 
rate  comparable  to  the  shift  of  the  bandgap  with  alloy  composition.^  Combining  the  data  pre¬ 
sented  in  Fig.  11-1,  the  measured  cavity  lengths  for  the  samples  (accurate  to  ±2  pm),  and  the 
standard  axial  mode  spacing  formula 


AX 


-X 


2  1"  {*-■£&> 


-X 

2n  L 
e 


(11-1) 


we  can  easily  compute  np,  an  equivalent  index  of  refraction  which  includes  the  effects  of  dis¬ 
persion.  This  calculated  value  of  n  is  shown  as  the  last  column  entry  in  Table  II-  1 . 

The  results  obtained  in  Table  II- 1  are  checked  by  lasing  samples  of  different  cavity 
lengths  for  each  composition,  and  the  resulting  variation  in  is  included  as  the  ±  factor  in  the 
eolumn.  While  the  index  of  refraction  and  dispersion  are  known  for  GaAs  and  InAs,  few  data 
are  available  for  the  mixed  alloy  system.  Relating  the  results  presented  in  Table  II-  1  to  exist¬ 
ing  work,  we  are  thus  comparing  dispersion  values  for  GaAs  and  InAs  diodes  to  those  of 
ln^Ga^  ^As  platelets  —  a  comparison  which  has  definite  limitations.  By  using  typical  values  for 
n^  obtained  from  the  literature  for  GaAs  (Refs.  4  and  5)  and  InAs  (Ref.  6)  of  5.6  and  4.36,  respec¬ 
tively,  it  is  apparent  that  the  values  obtained  in  these  experiments  are  significantly  larger 
(ef.  Table  11-1).  This  trend  is  continued  for  the  InP  where  direct  comparison  to  previous  and 
similar  work  is  possible  (n^  -7.7).  To  our  knowledge,  these  values  of  n^  are  far  larger  than 
those  previously  observed  for  semiconductor  lasers.  The  samples  used  here  are  n-type,  and 
as  such  operate  as  lasers  at  photon  energies  higher  than  that  which  would  occur  from  a  heavily 
doped  and  compensated  p- region  of  a  diode  made  from  the  same  starting  material.  Since 
operation  at  higher  photon  energies  (or  nearer  the  band  edges)  results  in  larger  values  for  the 

4 

dispersion,  this  mechanism  alone  could  account  for  these  observations. 

The  temperature  dependence  of  the  lasing  modes  of  these  samples  reveals  some  important 
features.  As  a  typical  case,  we  show  in  Fig.  11-2  the  temperature  dependence  of  the  emission 
from  sample  3.  Since  the  sample  threshold  increases  with  increasing  temperature,  fewer  modes 
oscillate  as  the  sample  is  warmed.  As  also  shown  in  Fig.  1 1—  2 ,  the  individual  mode  widths  begin 

o  o 

to  widen,  progressing  from  ^"0.2  A  (instrumental  resolution)  to  2  to  5  A  (far  in  excess  of  the 
resolution)  as  the  temperature  is  raised. 

To  describe  this  mode  broadening,  we  have  two  possibilities.  First,  one  may  postulate 
that  at  the  higher  temperatures  several  different  transverse  modes  (belonging  to  the  same  axial 
mode)  oscillate,  thus  apparently  broadening  the  axial-mode  line.  The  second,  and  more  likely, 
explanation  for  this  effect  is  that  the  sample  active  region  undergoes  a  slight  but  rapid  heating 
which  is  sufficient  through  the  cavity  resonance  condition  [Eq.  II- (1)]  to  cause  mode  widening 
( i . e . ,  a  thermal  or  FM  broadening).  The  heating  may  result  directly  from  the  increased  pump 
intensity  required  to  lase  the  samples  at  the  higher  temperatures.  It  has  not  been  possible  for 
us  to  conclusively  identify  the  source  of  this  broadening  experimentally. 

Figure  II- 3  illustrates  the  laser  emission  from  a  sample  of  InP  lasing  at  20  °K.  The  upper 
(1.2  IQ)  and  lower  (IQ)  portions  are  the  emission  spectra  run  with  different  pump  excitation  in¬ 
tensities  on  the  sample.  At  the  lower  excitation,  a  single  set  of  Fabry- Perot  modes  is  operating 
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Fig.  11-2.  lnxGo]  _xAs  (x  ~0.  08)  emission  spectro 
os  a  function  of  temperoture.  Note  increased  broad¬ 
ening  of  individuol  modes  os  temperoture  is  increosed. 


WAVELENGTH  (A) 

Fig.  11-3.  Emission  spectro  from  InP  os  excitotion 

intensity  is  increased  from  I  to  1 . 2  I  . 

7  o  o 
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and  the  mode  spacing  is  consistent  with  the  calculated  spacing  using  the  equivalent  index  n^  =  10.6 
(cf.  Table  11-1)  and  the  measured  cavity  length  (248  pm).  At  the  higher  excitation  level,  another 
set  of  modes  begins  to  oscillate  and  this  set  is  similar  to,  but  displaced  from,  the  set  of  modes 
operating  at  the  lower  excitation  intensity.  We  note  that  to  the  time  resolution  involved  here, 
both  mode  sets  are  oscillating  simultaneously;  moving  the  detector  ±50  nsec  substantially  elim¬ 
inates  detection  of  both  mode  sets.  We  have  observed  this  or  similar  behavior  in  every  sample 

which  has  lased,  so  the  results  presented  here  are  not  unique  to  a  particular  cavity  or  composi- 

8  9 

tion.  Such  effects  have  also  been  observed  in  diodes  ’  and  possibly  in  electron-beam-pumped 
CdS  (Ref.  10). 

The  appearance  of  two  sets  of  modes  so  otherwise  similar  is  suggestive  of  oscillation  in 
two  different  transverse  patterns.  If  the  sample  active  region  does  support  modes  belonging  to 
different  transverse  patterns,  then  it  appears  (cf.  Fig.  II- 3)  that  the  separation  in  wavelength 

c 

between  the  different  transverse  sets  is  ~6  A.  This  value  is  consistent  with  a  predicted  esti- 
mate  for  transverse  mode  separations  obtained  using  the  expression  AA  =  —  A  /2  7rne  x  e  where, 
for  x  (the  effective  width  of  the  guiding  region),  we  use  a  value  of  ~20  pm  and  the  value  of  nf 
is  taken  from  Table  II-  1 .  Although  this  latter  expression  was  derived  specifically  for  data  per¬ 
taining  to  stripe  geometry  diodes,  the  similarity  between  the  optically  pumped  cavity  and  the 
stripe  geometry  laser  is  evident.  A  direct  measurement  of  the  far-field  radiation  pattern  is 
necessary  to  conclusively  identify  the  different  transverse  modes.  However,  we  note  that  if 
different  transverse  modes  do  oscillate,  the  spacing  is  determined  by  the  focusing  parameter 
X  ,  and  without  the  use  of  external  optics,  AR  coatings,  etc.,  simultaneous  oscillation  in  several 
transverse  modes  will  be  difficult  to  suppress  at  power  levels  of  practical  interest. 

J.  A .  Rossi 
S.  R.  Chinn 
C.  M.  Wolfe 

B.  BROADBAND  LASER  EMISSION  FROM  OPTICALLY  PUMPED  PbS  Se, 

x  1-x 

Optically  pumped  lasers  emitting  between  3.9  and  8.6  pm  have  been  produced  from  PbS^Se^ 
crystals  of  several  alloy  compositions.  Multiaxial  mode  laser  bandwidths  of  10  percent  of  the 
center  frequency  were  obtained,  providing  a  fractional  tuning  range  comparable  to  a  dye  laser. 
Bridgman-grown  crystals  were  cleaved  into  parallelepipeds  with  cavity  lengths  from  0.1  to 
1  mm.  A  Q- switched  NdrYAG  laser  operating  at  1  06  pm  in  a  TEMqo  mode  was  used  as  the 
excitation  source  and  focused  into  a  line  image  across  the  length  of  the  sample.  Both  annealed 
and  as-grown  samples  having  electron  concentrations  ranging  from  2  x  10  to  6  x  10  cm’ 
were  made  to  lase  near  liquid  helium  temperature.  The  measured  spontaneous  linewidths  were 
consistent  with  calculated  values  based  on  reasonable  values  for  the  electron  effective  mass. 

In  a  single  alloy  composition  near  liquid  helium  temperature,  laser  action  occurred  in  a  number 
of  modes  in  a  spectral  range  up  to  10  percent  of  the  center  frequency.  The  spacing  of  longi¬ 
tudinal  modes  for  a  given  spatial  mode  ranged  from  8  to  <  1  cm  *  for  the  range  of  cavity  lengths 
used,  and  occurred  over  nearly  the  entire  spontaneous  bandwidth  for  a  given  sample.  A  study 
of  the  time- resolved  spectra  indicated  that  lasing  tended  to  occur  in  all  modes  simultaneously 
with  no  evidence  of  mode  switching. 


1  3 


a  (Af )  /a  (0) ,  RELATIVE  ABSORPTION  COEFFICIENT 
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Fig.  11-4.  Laser  transmission  through  7.  4-m  air 
path  at  295°K  with  relative  humidity  af  18 
percent.  Dashed  line  indicates  approximate 
power  emitted  fram  laser  source.  Frequency 
interval  includes  1  878.  8  ta  1880cm”\ 


Fig.  11-5.  Absorption  coefficient  vs  frequency  far  13(1,12)  *-12(2,11)  ^"kand  water-vapar 
line  at  1879.  34cm“\ 
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The  present  laser  emission  bandwidths  are  an  order-of- magnitude  greater  than  those  re- 

1 1 

ported  for  electron-beam- pumped  lead  salt  lasers,  and  nearly  two-orders-of- magnitude 

1 2 

greater  thanthose  reported  for  lead  salt  diode  lasers  in  the  infrared.  Fine  tuning  of  the  modes 

1  3 

by  changing  the  crystal  temperature  resulted  in  nearly  continuous  coverage  over  the  entire 


spontaneous  bandwidth  for  each  alloy  composition. 


A.  Mooradian 
A.  J.  Strauss 
J.  A .  Rossi 


C.  HIGH-RESOLUTION  SPECTROSCOPY  OF  ATMOSPHERIC  WATER  VAPOR 

Three  absorption  lines  of  atmospheric  water  vapor  in  the  t^-band  near  5.32  pm  have  been 

fully  resolved  using  a  CW  tunable  PbSQ  ^Se^  4  semiconductor  laser.  These  data  represent  the 

first  high- resolution  study  providing  complete  resolution  (=  3X10  ^  cm  *)  of  atmospheric  water 

vapor  in  the  infrared.  They  reveal  significant  discrepancies  between  the  calculated  and  meas- 
14-  1 6 

ured  linewidths.  The  laser  used  in  these  experiments  was  mounted  on  the  cold  finger  of  a 

liquid  helium  dewar  at  a  temperature  of  about  15°K.  Frequency- tuning  was  accomplished  by 
varying  the  diode  current  with  a  measured  tuning  rate  of  572  MHz/mA.  In  these  experiments, 
the  laser  radiation  was  transmitted  across  a  7.4-m  path  in  the  laboratory  with  a  measured  hu¬ 
midity  of  18  percent  and  a  temperature  of  22  °C.  The  corresponding  partial  pressure  of  water 
vapor  is  3.6  torr  giving  a  concentration  of  ~  3.8  x  10  ^g/cc  of  water  vapor  in  the  air.  Figure  II- 4 
shows  the  laser  transmission  through  the  7.4-m  path  as  a  function  of  frequency.  Three  strong 
absorption  lines  labeled  A,  B,  and  C  are  observed  and  readily  identified  as  members  of  the 
fundamental  vibration  band  using  a  grating  spectrometer  and  published  water-vapor  line  posi¬ 
tions  ^  Since  the  laser  output  power  is  not  a  strong  function  of  current,  it  is  relatively  easy 
to  estimate  the  output  power  at  the  absorption  lines  (dashed  line)  and,  hence,  to  deduce  the  ab¬ 
sorption  profile  of  these  lines.  Table  11-2  summarizes  the  measured  relative  positions,  line- 
widths,  and  intensities  for  the  three  lines.  In  this  table,  we  list  the  positions  of  the  two  weaker 
lines  relative  to  the  strong  center  line  since  our  laser  calibration  is  not  absolute,  i.e.,  only  the 
tuning  rate  has  been  measured. 

-  o  I 

The  experimental  intensities  were  obtained  by  first  reducing  the  absorption  data  e  to 
obtain  the  absorption  coefficient  as  a  function  of  frequency  «(f).  This  function  was  then  integrated 
graphically.  The  absorption  constant  obtained  from  the  data  of  Fig.  11-4  is  probably  not  accurate 
in  the  wings  >  1  to  2  GHz  from  the  line  center  due  to  difficulties  in  estimating  the  background. 
However,  the  main  contributions  to  the  absorption  for  these  lines  are  within  ±1  to  2  GHz  and 

the  measured  intensities  should  be  accurate.  Figure  11-5  shows  the  absorption  coefficient  de- 

- 1 

duced  from  the  strong  central  line  of  Fig.  11-4,  line  B,  and  known  to  be  at  1879.34cm  .  The 

Lorentzian  lineshape  shown  is  adjusted  to  provide  the  same  peak  absorption  and  linewidth  as  the 
measured  curve.  The  Doppler  width  of  water  vapor  at  this  temperature  is  165  MHz  or  about 
l/6  of  the  measured  width  of  this  line. 

There  is  considerable  discrepancy  between  the  measured  and  calculated  values  of  the  line- 
widths  and  relative  positions  as  given  in  Table  11-2.  All  three  lines  are  much  narrower  than 
expected.  While  these  transitions  involving  high  J  ( >  1 0 )  are  expected  to  have  relatively  small 
and  C>2  collision  broadening,  the  measured  width  of  line  A  is  only  about  2  5  percent  of  the 
calculated  width.  It  is  surprising  that  line  A  has  a  full  width  which  is  only  three  times  the 
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TABLE  11-2 

WATER  VAPOR  ABSORPTION  IN  THE  y  -BAND  (010-000) 


Line 

Rotationol  Transition 

Frequency 
(cm  ’) 

AF(cm 

Holfwidth^ 

(cm  ') 

Intensity 
(cm  Vg  cm  2) 

Ref.  3 

Measured 

Ref.  3 

Measured 

Ref.  3 

Measured 

Ref.  3 

A 

16(1,16)  -  15(0,15) 

1879.01 

-0.29 

-0.33 

0.0084 

0.032 

1.98 

1.58 

B 

13(1,12)  -  12(2,11) 

1  879.  34 

0* 

0* 

0.0174 

0.034 

12.30 

12.  12 

C 

13(2,12)  -  12(1,11) 

1 879. 60 

0.32 

0.26 

0.0157 

0.034 

3.32 

4.04 

*  Assumed  zero  for  reference, 
t  Halfwidth  at  hoi f  obsorption  coefficient. 


limiting  low-pressure  Doppler  width  of  165  MHz.  The  relative  position  discrepancies  for  lines 

_  j 

A  and  C  are  0.04  and  0.06cm  ,  respectively.  Note  that  these  position  inaccuracies  are  more 

than  three  times  the  measured  linewidths. 

To  summarize,  agreement  between  the  measured  and  calculated  line  intensities  for  all  three 
lines  is  quite  good.  The  significant  discrepancies  are  in  the  measured  linewidths  and  relative 
line  positions.  The  inaccuracies  in  the  calculated  linewidths  yield  calculated  absorption  coef¬ 
ficients  which  are  two  to  four  times  smaller  than  those  measured.  Our  results  demonstrate  the 
usefulness  of  tunable  lasers  for  atmospheric  propagation  studies.  They  also  indicate  that  theo¬ 
retical  models  for  calculating  collision  broadening  and  line  positions  are  inadequate  for  the  pre¬ 
diction  of  atmospheric  water- vapor  absorption  for  high  J  lines  such  as  those  studied  here. 

K.  W.  Nill  A.  R.  Calawa 

F.A.  Blum  T.  C.  Harman 
P.  L.  Kelley 


D. 


DETERMINATION  OF  TOTAL  BAND  INTENSITY  AND  TRANSITION 
MOMENT  FOR  THE  v  ^-BAND  OF  S02 


17 


We  continue  our  analysis  of  the  t^-band  of  SO^  using  data  obtained  with  PbSnTe  diode 
lasers.  The  strengths  of  several  rather  isolated  SO^  lines  were  determined  from  their  peak 
absorption  constants  and  linewidths  at  a  pressure  of  10  torr.  Table  11-3  gives  the  transitions, 
their  measured  intensities,  and  the  projected  values  for  total  band  intensity  obtained  by  divid¬ 
ing  the  measured  intensity  for  each  line  by  its  calculated  fractional  contribution  to  the  band. 

Figure  11-6  is  a  plot  of  measured  line  intensity  vs  the  calculated  fractional  contribution.  From 

-20  -1  -1  2 

the  data,  we  find  an  average  of  the  total  intensity  of  the  i^-band  of  358  ±  20  x  10  cm  mol  cm 
(the  slope  of  the  solid  line  in  the  figure).  This  value  is  consistent  with  the  value  371  ±  20  x 
10  °cm  mol-  cm  found  by  Burch,  et  al.,*  and  within  the  range  quoted  by  earlier  workers,*  ^ 

employing  the  integrated- band  technique.  By  using  our  value  of  band  strength,  an  effective 
vibrational  transition  moment  of  [ji. .  |  =  0.086  ±  0.003  D  is  found. 


ij 


t  Optical  Physics  Laboratory,  Air  Force  Cambridge  Research  Laboratories. 


E.  D.  Hinkley 
S.  A.  CloughT 


A.  R.  Calawa 
P.  L.  Kelley 
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TABLE  11-3 

MEASURED  1 

INTENSITIES  OF  32S160  TRANSITIONS, 

AND 

PROJECTED  v 

1  -BAND  INTENSITY 

Transition 

J'  J" 

-'t/t  i/i  “'t/ll  i/n 

ka/Kc  ka/K  c 

Frequency 
(cm  ') 

Measured 

1  ntensity 

,  -1  ,-1  2 
(cm  mal  cm  ) 

Projected  Total 
Band  Intensity 

(cm  ^mal  ^cm2) 

^lO^O  ~3°11,19 

1115.  031 

0.66X  10~21 

-20 

351  X  10 

23 5, 19  ~  246,18 

1116.962 

1.44 

392 

186, 12  *"  197,13 

1117. 038 

1.67 

356 

137,7HV 

1117. 128 

1.96 

367 

229, 13  """  2210, 12 

1118.  956 

1.04 

354 

80,8^81,7 

1148.810 

2.96 

332 

60,6  <_61 ,5 

1149.  346 

2.74 

336 

2  «-  2 

1,1  0,2 

1 1 53. 488 

1.43 

368 

5  4 

1,5  0,4 

1156.195 

1.86 

384 

1 41 , 1 3  140,14 

1156.842 

2.51 

336 

*  Conventional  spectroscopic  natation 
listed  first. 

is  fallowed,  where  the  upper  state  is 

Fig.  11*6.  Measured  line  strength  vs  calculated 
fractional  line  strength. 


PREDICTED  FRACTIONAL  LINE  STRENGTH  (xio"4) 
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III.  MATERIALS  RESEARCH 


A.  ENERGY  BANDS  IN  TX2  COMPOUNDS  WITH  PYRITE,  MARCASITE, 

AND  ARSENOPYRITE  STRUCTURES 

1 

Hulliger  and  Mooser  correlated  the  number  of  transition-metal,  or  T-ion,  d  electrons 

with  crystal  structure  in  the  compounds  TX^,  TXY,  and  TY2  having  the  pyrite,  marcasite,  or 

arsenopyrite  structures.  All  three  structures  are  characterized  by  diatomic  anions:  formally 
2-  3-  4- 

(X^)  ,  (XY)  ,  and  (Y^)  ,  where  X  is  a  chalcogen  and  Y  is  a  pnigogen.  The  number  of 

d  electrons  per  cation  is  then  obtained  from  the  formal  valence  of  the  cation.  Thus,  FeS?  has 

6  5  4  ^ 

a  d-state  manifold  per  iron  atom  d  ,  FeSAs  has  d  ,  and  FeAs^  has  d  .  Empirically,  where  the 

dn  manifold  has  n  =  0,  2,  or  4,  the  marcasite  structure  is  formed;  where  n  =  5,  either  a  high- 
spin  ^Aj(d)^  configuration  in  the  pyrite  structure  or  a  low-spin  configuration  in  the  arsenopyrite 
structure  is  formed;  and  where  n  ^  6,  the  pyrite  structure  is  generally  found,  although  a  mar¬ 
casite  phase  with  anomalously  large  axial  ratios  may  also  occur.  A  few  compounds,  including 
FeS^,  exhibit  both  the  anomalous  marcasite  and  pyrite  phases. 

In  all  three  structures,  each  cation  occupies  a  distorted  octahedral  site.  The  cubic  pyrite 
structure,  which  is  shown  in  Fig.  Ill  — 1  (a-c) ,  contains  corner-shared  octahedra,  and  the  crystal 
field  at  each  T-ion  has  trigonal  symmetry.  In  the  orthorhombic  marcasite  structure  of 


(a) 
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(a) 


Fig.  111-2.  The  orthorhombic  marcasite  structure: 
(a)  projection  onto  a-b  plane,  (b)  c-oxls  chain  in 
regular  marcasite  structure. 


Fig.  1 1 1-3.  Hul  I  iger-Maoser  ane-electran  d-level 
scheme  per  cation:  free  atom  (a),  and  actahedral- 
site  splittings  in  (b)  cubic,  (c)  pyrite,  (d)  marcasite 
and  (e)  arsenapyrite  crystalline  fields. 


FREE  0h  S*  C-h 

ION  h  6  2h 


<a)  (b)  (c)  (d) 


(e) 
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Fig.  Ul-2(a-b),  on  the  other  hand,  linear  chains  of  edge-shared  octahedra  run  parallel  to  the 
orthorhombic  c-axis.  Regular  marcasite  has  a  cation-anion-cation  angle  a  <90°,  and  anoma¬ 
lous  marcasite  has  a  >  90°.  Finally,  the  monoclinic  arsenopyrite  structure  is  a  distorted  mar¬ 
casite  in  which  chains  of  cations  parallel  to  the  c-axis  form  alternately  short  and  long  separations. 

Hulliger  and  Mooser  pointed  out  that  the  one-electron  d -orbitals  would  be  split  by  the 
crystalline  fields  as  indicated  in  Fig.  Ill- 3(a-e) .  With  the  assumption  that  these  splittings  are 
large  compared  with  any  bandwidths,  they  showed  that  the  structural,  magnetic,  and  electrical 
properties  could  be  qualitatively  harmonized.  However,  there  are  several  serious  defects  to 
such  a  localized-electron  model,  including  the  postulate  that  the  arsenopyrite  structure  is  due 
to  T-T  homopolar  bonding  along  the  c-axis.  Brostigen  and  Kjekshus^  subsequently  argued  that 
the  arsenopyrite  structure  represents  an  expansion,  not  a  contraction,  of  alternate  metal-metal 
separations  along  the  c-axis,  but  they  made  the  mistake  of  attributing  this  to  T-T  interactions. 
Previous  discussions  of  this  problem  fail  to  consider  adequately  the  role  of  covalent  mixing  be¬ 
tween  the  cation-d  and  anion-p  orbitals. 

From  general  physical  considerations,  it  is  possible  to  show  that  there  is  a  transition  from 
localized  to  itinerant  character  of  the  outer  d  electrons  as  the  ratio  W/U  increases  through 
unity.  From  tight -binding  theory,  the  bandwidth  is 

W«2zb  (III -1 ) 


where  z  is  the  number  of  nearest  neighbors,  and  b  is  the  usual  transfer-energy  matrix  element 
for  d-electron  transfer  between  like  cations.  In  the  compounds  under  consideration,  the  cation- 
anion-cation  interactions  dominate  any  cation -cation  interactions,  and  b  ~  where  e  is  a 

one-electron  energy  and  A  is  the  covalent-mixing  parameter  for  cation-d  and  anion-p  interac¬ 
tions.  The  energy 


U  =  E 


n  +  1 


-  E 


(111-2) 


is  the  difference  between  the  ground-state  energies  for  the  dn+*  and  the  dn  manifolds.  Since  U 
decreases  with  increasing  radial  extension  of  the  crystal-field  wave  functions,  the  ratio  W/U 
increases  unambiguously  with  increasing  A.  Therefore,  it  is  possible  to  predict  qualitatively 
whether  a  given  compound  will  have  localized  d-electrons  because  W/U  «  1,  or  itinerant 
d-electrons  because  W/U  »  1  by  making  comparisons  with  other  compounds  whose  physical 
properties  are  known.  From  the  physical  properties  of  several  transition-metal  sulfides  and 
selenides,  there  appears  to  be  a  transition  from  localized  cr-bonding  d-electrons  at  Mn^+  ions 
to  itinerant  cr-bonding  d-electrons  at  Ni^+  ions. 

Figures  III -4  and  III-5  represent  the  schematic  energy-level  diagrams  for  MnS?  and  FeS? 
having  the  pyrite  structure.  In  MnS^,  the  localized-electron  ground-state  manifold  Aj(dD)  is 
shown  as  a  discrete  many-electron  energy  E^.  Actually,  magnetic  interactions  will  broaden 
this  level  by  at  least  the  width  of  the  spin-wave  spectrum.  The  semiconductor  FeS^  is  known 
to  contain  Fe2+  ions  in  the  low-spin  state,  which  indicates  that  the  d-electrons  should  be  de¬ 
scribed  by  a  one-electron  band  (itinerant-electron)  model.  Ferromagnetic,  metallic  CoS^  con¬ 
tains  one  a-bonding  d-electron  in  a  strongly  correlated  band,  which  shows  that  the  a*  bands  are 
narrow  (W/U  <  1).  NiS^  and  NiSe^  each  have  a  half-filled  a*  band.  In  antiferromagnetic  NiS^, 
but  not  in  metallic  NiSe^,  this  band  is  just  split  in  two  by  the  electron  correlations  (W/U  »  l). 
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Mn  MnS2  S2 


Fig.  111-4.  Energy-level  scheme  for  MnS2»  One-electron  energies 
for  s- and  p-bands,  energy  E^af^A^(d^)  single-atom  manifolds  and 
energies  E^  and  E4  af  d^  and  d^  single-atam  manifolds.  Numbers  in 
brackets  refer  ta  states  per  molecule. 


Fe  Fe  S2  S2 
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Metallic  CuS^,  which  becomes  superconducting  at  lowest  temperatures,  has  no  spontaneous  mag¬ 
netization.  This  is  consistent  with  an  increasing  X  on  going  to  heavier  cations,  and  from  sulfur 
to  selenium. 

The  essential  difference  between  the  band  structures  of  the  pyrites  and  the  marcasites  or 
arsenopyrites  is  the  splitting  of  the  -orbitals,  as  shown  in  Fig.  III-3(c-e).  From  geometrical 
considerations,  the  a  |  -orbital  directed  along  the  c-axis  is  not  orthogonal  to  the  a-bonding  anion 
orbitals,  whereas  the  two  b-orbitals  are  nearly  so.  Therefore,  the  aj  -orbital  is  distinguished 
from  the  two  b-orbitals  by  relatively  strong  covalent  mixing  with  the  anion  orbitals,  and  the 
strength  of  this  mixing  increases  with  the  deviation  of  a  from  109°,  where  a  is  defined  by 
Fig.  Ill- 2(b).  Since  the  d-orbitals  are  antibonding  with  respect  to  the  anion  array,  covalent  mix¬ 
ing  raises  the  a  -orbital  above  the  two  b-orbitals  as  shown  in  Fig.  Ill- 3(d).  The  fact  that  FeAs^ 
is  a  diamagnetic  semiconductor  requires  that  in  FeAs7  the  covalent  mixing  is  strong  enough  to 
create  itinerant  d  electrons  and  to  raise  the  a  i  i-band  completely  above  any  narrow  b-bands,  as 
shown  in  Fig.  Ill- 6 . 


Fe  Fe  As2 


Fig.  111-6.  Energy  bands  far  FeAs2  with  regular  marcasite  structure. 

Since  covalent  mixing  stabilizes  anion  p-orbitals  at  the  expense  of  cation  d-orbitals,  stronger 
covalent  mixing  occurs  with  empty  d-orbitals.  The  marcasite  structure  allows  a-bond  covalent 
mixing  with  the  two  a^-  and  the  a  1 1 -orbitals,  bonding  with  the  a |  j  -orbital  being  larger  the  smal¬ 
ler  the  angle  a.  Therefore,  regular  marcasite  should  be  the  competitive  TX.  structure  for  T 

2  7  ^2 

cations  having  a  localized  d  or  d  configuration  (antiferromagnetic  CrSb^  has  d  ),  or  a  non¬ 
magnetic  d^  configuration  as  in  FeAs^;  and  the  relatively  small  axial  ratios  c/a  and  c/b  in 
the  regular  marcasite  structure  are  due  to  cation-anion  bonding,  not  to  cation-cation  bonding. 

For  a  nonmagnetic  d^  configuration,  the  a  1 1  -bands  would  be  occupied.  This  must  reduce  the 
stability  of  covalent  mixing  and  hence  decrease  the  angle  a  to  produce  an  anomalous  marcasite 
structure.  With  a  more  stable,  narrower  an -band,  the  band  structure  would  be  similar  to  that 
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for  the  pyrite  structure.  Therefore,  these  two  structures  become  competitive  with  each  other, 
which  is  in  accord  with  the  appearance  of  the  two  polymorphs  of  FeS^. 

The  fact  that  the  arsenopyrite  structure  is  uniquely  associated  with  compounds  having  a  non- 
5 

magnetic  d  configuration  also  follows  from  these  considerations.  Given  the  band  scheme  of 
Fig.III-6  for  a  d  configuration,  a  nonmagnetic  d  configuration  would  have  a  half-filled  ai  -band 
if  it  crystallized  in  the  marcasite  structure.  However,  a  narrow,  half-filled  band  may  induce 
a  crystallographic  distortion  that  changes  the  structural  periodicity  so  as  to  split  the  band  in  two, 
thereby  stabilizing  occupied  states  at  the  expense  of  unoccupied  states.  Since  the  ay  -orbitals 
are  directed  along  the  c-axis,  a  doubling  of  the  periodicity  along  the  c-axis  by  increasing  a  for 
alternate  metal-metal  separations  would  stabilize  the  occupied  states  in  the  an -band.  This  is 


Co  Co  Ai2  A«2 


Fig.  111-7.  Energy  bands  for  CoA$2  with  arsenopyrite  structure. 

the  distortion  found  in  the  arsenopyrite  structure  of  CoAs^,  for  example.  Significantly,  the  model 
predicts  a  larger  d-electron  density  within  the  larger  separations  than  within  the  smaller  ones, 
since  the  deformations  are  not  due  to  metal-metal  bonding,  but  to  metal-anion  bonding.  The 

band  structure  for  CoAs?  is  shown  in  Fig.  Ill  -  7 .  It  is  to  be  contrasted  with  that  for  MnS-,  in 

L  5  c  4  + 

Fig.III-4,  which  represents  an  antiferromagnet  with  high-spin  d  configuration.  Clearly  a  Co 

ion  would  have  much  stronger  covalent  bonding  with  arsenic  than  an  Mnc+  ion  has  with  sulfur. 

J.  B.  Goodenough 

B.  EFFECT  OF  CARRIER  GAS  VELOCITY  ON  SUPERSATURATION  REQUIRED 
FOR  VAPOR  PHASE  CRYSTAL  GROWTH 

The  pressure  pQ  of  the  vapor  in  equilibrium  with  a  solid  decreases  with  decreasing  temper¬ 
ature  T  according  to  the  expression 

pQ  =  A  exp[-AH/RT]  (III-3) 
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Fig.  111-8.  Schematic  diagram  af  apparatus  far  open-tube  growth  af  single  crystals  from  vapor  phase. 

where  AH  is  the  heat  of  vaporization  and  R  is  the  gas  constant.  One  of  the  standard  methods  for 
utilizing  this  property  in  the  growth  of  single  crystals  from  the  vapor  phase  is  the  open-tube 
technique  represented  schematically  in  Fig.  III-8.  A  carrier  gas  passes  through  a  charge  bed  of 
polycrystalline  source  material  at  temperature  T  ,  becomes  saturated  with  vapor  at  this  tem¬ 
perature,  and  transports  the  vapor  downstream  to  a  receiver  tube  where  the  solid  is  deposited 
in  single-crystal  form.  In  general,  deposition  does  not  take  place  at  Tg,  as  it  would  if  crystal 
growth  were  an  equilibrium  process,  but  begins  at  a  lower  temperature  T.,  where  the  vapor  is 
said  to  be  supersaturated  because  the  equilibrium  vapor  pressure  pQ  is  less  than  the  actual  vapor 
pressure  p.  The  degree  of  saturation  o  is  defined  as  the  ratio  p/pQ.  Since,  in  this  case,  p  is 
equal  to  the  equilibrium  vapor  pressure  at  T  ,  according  to  Eq.  (Ill- 3)  the  degree  of  saturation 

at  T.  can  be  found  from 
1 


cr  =  exp 


AH(1/T.  -  1/TS)] 

R  J 


(III-4) 


even  though  it  would  not  be  feasible  to  measure  p  at  the  crystal-gas  interface  directly. 

In  studies  on  the  open-tube  vapor  growth  of  various  materials,  including  As,  Cd^As^,  CdTe, 
and  ZnTe,  and  also  on  the  epitaxial  growth  of  GaAs  and  InAs  by  halogen  transport,  we  made  a 
number  of  qualitative  observations  indicating  that  the  degree  of  saturation  required  for  crystal 
growth  is  strongly  affected  by  the  velocity  of  the  carrier  gas.  For  growth  in  tubes  of  uniform 
diameter,  at  both  low  and  high  flow  rates  could  be  as  much  as  100°C  below  T  ,  but  at  inter¬ 
mediate  rates  it  was  occasionally  within  a  few  degrees  of  T  .  In  tubes  containing  constrictions, 
crystals  frequently  grew  only  in  regions  of  intermediate  diameter,  where  the  gas  velocity  had 
intermediate  values;  the  same  observation  has  been  made  by  Vohl^  and  Iseler.4  Finally,  crystals 
never  grew  laterally  to  the  point  where  they  completely  blocked  the  growth  tube  and  stopped  the 
gas  flow. 

On  the  basis  of  these  observations,  we  made  a  series  of  experiments  on  the  vapor  growth  of 
ZnTe  in  order  to  determine  quantitatively  the  manner  in  which  the  degree  of  saturation  required 
for  growth  depends  on  the  carrier  gas  velocity.  The  experimental  apparatus  (Fig.  Ill- 8)  was 
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made  of  fused  silica  and  heated  by  means  of  a  transparent  furnace,  so  that  the  formation  and 
vaporization  of  crystals  could  be  observed  in  situ.  Receiver  tubes  of  four  different  diameters 
were  used  to  observe  crystal  growth  at  four  different  gas  velocities  for  each  rate  of  gas  flow 
through  the  charge  bed  of  polycrystalline  ZnTe.  The  temperature  at  any  point  in  the  system 
could  be  measured  by  movable  thermocouples. 

In  a  typical  experiment,  the  carrier  gas  (H^)  was  passed  slowly  through  the  growth  apparatus 
while  the  system  was  heated  to  establish  a  temperature  profile  such  as  that  shown  in  Fig.  111-8. 

The  rate  of  gas  flow  was  then  increased,  resulting  in  the  nucleation  and  growth  of  crystals  in  the 
receiver.  When  no  further  nucleation  occurred,  the  temperature  of  the  hottest  crystal  was  meas¬ 
ured  to  determine  the  nucleation  temperature  T^.  The  receiver  was  then  moved  a  short  distance 
toward  the  charge  bed,  increasing  its  temperature  and  causing  some  of  the  crystals  to  evaporate. 
When  no  further  evaporation  occurred,  the  temperature  of  the  hottest  crystal  remaining  was  taken 
as  T^.  The  temperature  at  the  end  of  the  charge  bed  nearest  the  receiver,  which  was  the  highest 
temperature  along  the  bed,  was  taken  as  T  .  To  obtain  additional  experimental  points,  the  growth 
conditions  were  changed  and  the  values  of  flow  rate,  T^,  and  Tg  were  measured  again. 

The  results  obtained  by  this  procedure  for  the  four  receivers  are  shown  in  Fig.  111-9,  where 
the  differences,  AT  =  Tg  -  T^,  are  plotted  against  the  measured  flow  rate.  [The  ordinate 
scale  in  Fig.  111-9  gives  values  of  a  calculated  according  to  Eq.  (111-4),  as  well  as  AT  values.] 

Data  are  consistent  with  the  qualitative  observations  described  above,  since  AT  is  between  10° 
and  30°C  at  the  lowest  flow  rates  and  with  increasing  flow  rate  decreases  to  a  minimum  close  to 
zero,  after  which  it  increases  significantly.  With  increasing  receiver  diameter,  the  minimum 
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Fig.  1 1 1—9.  Difference  between  saturation  temperature  and  interface  temperature, 
AT  =  —  T. ,  as  a  function  of  corrier  gos  flow  rate  in  vapor  growth  of  ZnTe. 
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is  displaced  to  higher  flow  rate.  If  AT  is  plotted  against  carrier  gas  velocity,  which  is  propor¬ 
tional  to  the  flow  rate  divided  by  the  square  of  the  receiver  diameter,  separate  curves  are  still 
obtained  for  the  four  receivers.  In  this  case,  the  position  of  the  AT  minimum  shifts  to  lower 
velocity  with  increasing  receiver  diameter. 


REYNOLDS  NUMBER  (Re) 

Fig.  111-10.  Voriation  of  AT  =  Ts  —  !•  with  Reynolds  number  in  vapor  growth  of  ZnTe. 

In  Fig.  III-10,  the  measured  values  of  AT  are  plotted  against  the  Reynolds  number,  defined 
as  Re  =  vdp/p,  where  v  is  the  velocity  of  a  gas  of  density  p  and  viscosity  \x  flowing  in  a  tube  of 
diameter  d.  Data  for  all  four  receivers  now  fall  on  a  single  curve.  The  minimum  in  AT  occurs 
at  Re  of  1000  to  2000,  close  to  the  boundary  between  laminar  flow  (which  occurs  for  Re  less  than 
~2000)  and  turbulent  flow  (which  occurs  for  greater  Re  values). 

T.  B.  Reed 
W.  J.  La  Fleur 

C.  IMPURITY  PROFILES  OF  EVAPORATED  GOLD  FILMS  DETERMINED 
BY  AUGER  ELECTRON  SPECTROSCOPY 

o 

Gold  films  about  200  A  thick  are  quite  transparent  in  the  visible  region  of  the  spectrum,  but 
in  the  infrared  they  still  exhibit  the  extremely  high-reflectivity  characteristic  of  bulk  gold.  Wc 
have  found^  that  transparent  furnaces  operating  to  about  1100°C  in  air  can  be  constructed  by  using 
such  films,  deposited  on  the  inside  surface  of  Pyrex  cylinders,  to  provide  reflective  thermal 
insulation.  To  obtain  satisfactory  adherence  of  the  gold,  the  Pyrex  cylinder  is  first  coated  with 
a  very  thin  layer  (about  50  A)  of  nichrome  (75%  Ni,  12%  Fe,  11%  Cr,  2%  Mn)  or  Kanthal  (72%  Fc, 
22%  Cr,  5.5%  Al)  by  vacuum  evaporation  from  an  alloy  wire  placed  at  the  axis  of  the  cylinder. 
Without  breaking  the  vacuum,  the  gold  is  immediately  deposited  by  evaporation  of  a  gold  layer 
electroplated  on  a  similarly  placed  0.75-mm-diameter  tungsten  wire. 
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Still  better  adherence  is  obtained  by  annealing  the  composites  at  600°C  in  air  for  16  hours. 
In  order  to  determine  the  effect  of  annealing  on  the  distribution  of  the  elements  in  the  films,  wc 
have  had  test  samples  analyzed  by  Auger  electron  spectroscopy.*  Since  the  penetration  depth 

o 

for  this  technique  is  only  about  10  A,  a  composition  profile  can  be  obtained  by  performing  an 
analysis,  removing  a  few  atomic  layers  from  the  sample  surface  by  ion  sputtering,  performing 
a  second  analysis,  etc. 


Fig.  lll-l  1 .  Distribution  of  elements  in  annealed  gold-nichrome-Pyrex 
composite  analyzed  by  Auger  electron  spectroscopy. 


The  Auger  results  for  an  annealed  gold-nichrome-Pyrex  composite  are  shown  in  Fig.  111-11. 
Most  of  the  Cr  from  the  nichrome  layer  has  remained  in  its  original  location  adjacent  to  the 
Pyrex,  while  the  Ni  and  most  of  the  Fe  have  migrated  to  the  outer  surface  of  the  gold  layer. 

We  attribute  the  differences  in  behavior  of  these  three  elements  to  their  differences  in  oxygen 
affinity,  which  increases  in  the  order  Ni  <  Fe  <  Cr,  and  to  their  low  rates  of  diffusion  through 
gold  once  they  have  been  oxidized.  According  to  this  explanation,  most  of  the  Cr  cannot  diffuse 
through  the  gold  layer  because  it  is  oxidized  at  the  time  of  deposition  or  at  the  beginning  of 
annealing,  either  by  the  Pyrex  itself  or  by  oxides  (e.g. ,  water)  adsorbed  on  the  Pyrex.  Recause 
of  its  low  oxygen  affinity,  the  Ni  is  not  initially  oxidized,  and  during  annealing  it  diffuses  to  the 
outer  surface  of  the  gold,  where  it  is  oxidized  by  the  air.  The  Fe,  with  intermediate  oxygen 
affinity,  exhibits  intermediate  diffusion  behavior. 


t  F’hysical  Electronics  Corporation,  Edina,  Minnesota. 
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Fig.  111-12.  Distribution  of  elements  in  annealed  gald-Kanthal-Pyrex 
composite  analyzed  by  Auger  electron  spectroscopy. 


As  shown  in  Fig.  111-12,  Auger  analysis  of  an  annealed  gold-Kanthal-Pyrex  composite  shows 
that  the  A1  migrates  from  the  Kanthal  layer  to  the  outer  surface  of  the  gold.  The  Fe  and  Cr  are 
mostly  concentrated  at  this  surface,  but  they  are  also  found  throughout  the  gold  layer,  and  some 
Fe  apparently  diffuses  into  the  Pyrex.  ^  ^  Reed 

W.  J.  LaFleur 


D.  Pb-RICH  SOLIDUS  OF  PbSQ  63Se0  3? 

Tunable  diode  lasers  fabricated  from  PbS^  ^Se^  alloys  can  be  used  for  ultrahigh-resolution 
infrared  spectroscopy  at  shorter  wavelengths  than  those  accessible  with  Pb^  Sn  Te  alloys. 
Lasers  made  from  PbS^  _^Sex  with  0.35  ^  x  <c  0.40  are  of  particular  interest  because  they  emit 
at  wavelengths  lying  within  an  important  absorption  band  of  gaseous  NO.  We  have  determined 
the  Pb-rich  solidus  between  300°  and  850  °C  for  alloys  in  this  composition  range. 

All  but  two  of  the  samples  were  cut  from  three  large-grained  ingots  grown  by  the  Bridgman 
method  from  nominally  stoichiometric  melts  with  an  initial  composition  of  x  =  0.385.  Electron 
microprobe  analysis  of  several  samples  from  these  ingots  gave  compositions  in  the  range 
0.35  ^  x^  0.39.  The  Se  content  of  the  other  two  samples  may  be  somewhat  lower,  since  they 
were  obtained  from  an  ingot  whose  initial  melt  composition  was  x  =  0.358.  This  ingot  and  two 
of  the  other  three  contained  numerous  cracks,  and  samples  cut  from  them  cleaved  very  easily 
during  handling,  apparently  because  the  ingots  had  been  furnace-cooled  too  rapidly  after  growth. 
Samples  from  the  remaining  ingot,  which  was  lowered  slowly  out  of  the  furnace  before  the  power 
was  shut  off,  were  considerably  less  fragile. 


29 


Section  III 


As  in  undoped  PbS  and  PbSe,  the  type  and  concentration  of  charge  carriers  in  the  PbS^  ^Se^  ^7 

samples  at  room  temperature  and  below  are  determined  primarily  by  lattice  defects  associated 

with  deviations  from  stoichiometry.  All  as-grown  samples  are  n-type,  with  carrier  conccntra- 
18  -  3 

tions  of  3  to  8  x  10  cm  due  to  the  presence  of  excess  Pb.  Thus,  for  alloys  with  x  ~  0.  37,  the 
solid  phase  in  equilibrium  with  a  stoichiometric  melt  is  Pb-rich.  In  this  respect,  the  alloys 
resemble  PbS  rather  than  PbSe,  since  the  maximum  melting  composition  of  PbS  is  on  the  Pb-rich 
side  of  the  stoichiometric  composition,  while  the  maximum  melting  composition  of  PbSe  is  on 
the  Sc-rich  side. 


For  both  PbS  and  PbSe,  the  solubility  of  Pb  along  the  Pb-rich  solidus  decreases  with  de¬ 
creasing  temperature,  for  temperatures  up  to  at  least  850 °C.  Because  of  this  retrograde  solu¬ 
bility,  when  a  sample  saturated  with  Pb  at  one  temperature  is  cooled  to  a  lower  temperature, 

Pb  tends  to  precipitate  until  the  concentration  of  Pb  remaining  dissolved  decreases  to  the  solu¬ 
bility  value  for  the  lower  temperature.  Since  the  precipitated  Pb  is  no  longer  electrically  active, 
the  carrier  concentration  decreases  correspondingly.  Therefore,  the  Pb-rich  solidus  curve  can 
be  determined  by  using  Hall  coefficient  (R)  measurements  to  determine  the  carrier  concentrations 
(n)  in  samples  that  have  been  equilibrated  by  annealing  and  then  quenched.  Since  the  precipitation 
rate  increases  exponentially  with  temperature,  the  solidus  determination  can  be  made  by  this 
method  up  to  the  highest  temperature  from  which  samples  can  be  quenched  with  sufficient  speed 
to  prevent  precipitation  during  cooling,  and  down  to  the  lowest  temperature  at  which  equilibrium 
can  be  reached  by  precipitation  during  the  maximum  time  allowed  for  annealing. 

We  have  used  the  same  method  to  determine  the  Pb-rich  solidus  of  PbS_  ,  _Se^  between  300° 

U.t>3  0.3/ 

and  850  °C.  The  samples  were  annealed  in  quartz  ampoules  which  were  sealed  after  being  charged 
at  room  temperature  with  helium  gas  at  a  pressure  of  about  400  torr  in  order  to  increase  the  sam¬ 
ple  cooling  rate  during  quenching.  In  most  cases,  a  small  quantity  of  Pb^  ^  (S^  e ^  ^ 

was  also  placed  in  the  ampoule  so  that  the  sample  could  not  become  unsaturated  by  loss  of  Pb  to 
the  vapor  phase.  The  annealing  times  ranged  from  30  minutes  at  850°C  to  8  weeks  at  300°C. 

No  systematic  study  was  made  of  the  time  required  for  equilibration  as  a  function  of  annealing 
temperature,  but  in  some  cases  annealing  was  repeated  to  make  sure  that  equilibrium  had  been 
reached.  Samples  annealed  at  300°  and  350 °C  were  air-quenched,  while  those  annealed  at  higher 
temperatures  were  quenched  by  dropping  the  ampoules  into  water  at  room  temperature. 

The  experimental  data  are  shown  in  Fig.  Ill— 1  3,  where  the  carrier  concentration  at  77 °K 
(n  =  1  /R^e)  is  plotted  on  a  logarithmic  scale  against  the  reciprocal  absolute  annealing  temper¬ 
ature.  As  expected  from  the  behavior  of  PbS  and  PbSe,  the  solubility  of  Pb  in  PbS  , -Se  is 
retrograde,  with  n  decreasing  from  2.6  X  10  cm  for  850°C  to  5.5  x  10  cm  for  300°C. 

The  values  of  n  for  the  highest  annealing  temperatures  are  appreciably  higher  than  those  found 
for  as-grown  samples.  The  increase  in  n  during  annealing  must  have  resulted  from  the  dis¬ 
solution  of  Pb  precipitates  that  had  been  formed  when  the  ingots  were  cooled  after  solidification, 
since  the  annealing  times  were  too  short  for  equilibrium  to  have  been  reached  between  the  sam¬ 
ples  and  the  Pb-rich  vapor  phase  supplied  by  PbQ  51  ^Se^  Similar  behavior  is  ob¬ 

served  for  PbS  (see  Ref.  6).  The  highest  value  of  n  measured  for  PbSQ  ^SeQ  ^7 »  2.6  X  10^  cm  , 
sets  a  lower  limit  on  the  concentration  of  excess  Pb  incorporated  into  the  alloy  when  it  is  crys¬ 
tallized  from  a  stoichiometric  melt. 
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Fig.  111-13.  Pb-rich  solidus  lines  of  PbSQ  63$eQ  37, 
PbS  (Ref.  6),  ond  PbSe  (Ref.  7).  Experimentol  points 
shown  for  PbSQ  ^SeQ  37  onW- 


The  Pb-rich  solidus  data  for  PbSQ  £3SeQ  ^  are  well -represented  by  the  straight  line  shown 
in  Fig.  Ill  - 1  3,  which  corresponds  to  the  expression  n  =  (1.44  x  10"1)  exp  [-  (0. 39  eV)  /kT  I  cm 
Solidus  lines  based  on  the  published  data  for  PbS  (Ref.  6)  and  PbSe  (Ref.  7)  are  also  shown  in 
Fig.  III-i3.  It  is  somewhat  surprising  that  the  solidus  for  the  alloy,  which  contains  nearly 
40  mole  percent  PbSe,  is  the  same  within  experimental  error  as  that  for  PbS,  rather  than  inter¬ 
mediate  between  the  lines  for  PbS  and  PbSe.  ^  j  strauss 
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IV.  PHYSICS  OF  SOLIDS 


A.  PHOSPHOR  UPCONVERSION 

1.  Rare-Earth  Phosphors  for  Near-Infrared-to-Visible  Upconversion 

Investigation  of  conversion  of  near-infrared  radiation  to  visible  radiation  by  a  gagarinite 
sample  with  nominal  composition  NaY^  ^  Yb^  ^fiEr^  ^ has  continued  with  a  study  of  the  ex¬ 
citation  and  emission  spectra.  In  addition,  measurements  of  the  phosphor  efficiency  have  been 
made,  and  primary  efforts  have  concentrated  on  increasing  the  near- infrared  input  intensity  in 
an  attempt  to  establish  the  upper  bounds  of  achievable  efficiency. 

The  excitation  spectrum,  which  is  dependent  upon  the  energy  levels  of  the  sensitizer  (Yb), 
appears  as  a  single  peak  with  little  structure,  having  a  maximum  near  0.98  pm  and  a  half-width 
of  less  than  0.03  pm.  This  behavior  differs  significantly  from  the  excitation  spectra  reported  for 
the  upconverting  materials  LaFy.  Yb,Er,  GdF^  Yb,Er,  and  YF^:Yb,Er  (Ref.  1).  The  excitation 
spectra  for  these  materials  show  considerable  structure  and  are  significantly  broader,  extending 
to  shorter  wavelengths.  We  have  verified  this  with  a  sample  of  Y^  ^  YbQ  ^gErn  Although 

our  sample  had  nearly  double  the  upconversion  at  0.98-pm  excitation,  the  Y^  ^ ^  Yb^  ^Er^  q^F^ 
sample  showed  greater  visible  emission  for  excitation  wavelengths  below  0.95  pm.  Thus,  the 
relative  efficiency  of  the  two  samples  is  strongly  dependent  upon  the  pump  spectrum. 

The  emission  spectrum  depends  on  the  energy  levels  of  the  activator  ions  (Er).  Emission 
is  observed  in  the  green  (~0.54  pm),  red  (~0.66  pm),  and  blue  (~0.41  pm).  Since  the  dominant 
emitted  light  from  the  present  sample  appears  in  the  green,  detailed  emission  study  of  this  sam¬ 
ple  has  been  limited  to  the  green  region.  (Other  gagarinite  samples  have  been  investigated  which 
are  relatively  more  efficient  in  the  red.  They  also  appear  to  be  green,  due  to  the  greater  sensi¬ 
tivity  of  the  eye  to  green.)  The  green  emission  consists  of  two  sets  of  peaks,  one  set  from  0.52 
to  0.53  pm,  and  the  other  (containing  about  90  percent  of  the  total  green  emission  at  room  tem¬ 
perature)  between  0.54  and  0.55  pm.  The  variation  of  emission  with  excitation  intensity  indicates 

that  both  spectral  regions  arise  from  two-step  processes.  Thus,  the  shorter  and  longer  wave- 

2  4 

length  emission  regions  are  due  to  de-excitation  of  H^ ^ ^  and  levels,  respectively.  This 

conclusion  is  consistent  with  thermal  behavior.  The  overall  green  emission  increases  with  de¬ 
creasing  temperature  to  a  maximum  at  about  170°  K,  with  a  slow  decrease  in  emission  below 
this  value.  However,  the  emission  between  0.52  and  0.53  pm  decreases  monotonically  with  de¬ 
creasing  temperature,  and  is  smaller  by  an  order  of  magnitude  at  100°K,  a  result  consistent 

2 

with  thermal  depopulation  of  the  higher-energy  H^  ^  level  at  reduced  temperatures. 

Since  phosphor  upconversion  is  a  nonlinear  process,  the  efficiency  varies  with  pump  inten¬ 
sity.  For  upconversion  to  green,  a  two-step  process  is  involved  and  the  efficiency  should  be 
linearly  proportional  to  the  intensity  until  saturation  is  approached;  a  source  of  high  intensity  at 
a  wavelength  near  0.98  pm  is  required  to  approach  saturation.  Further,  since  the  process  is 
slow,  with  a  rise  time  of  the  order  of  10  msec,  any  pulse  technique  requires  pulse  lengths  of  the 

t  We  are  indebted  to  Dr.  F.  W.  Ostermayer  of  tjie  Bell  Telephone  Laboratories,  Murray  Hill,  New  Jersey,  for  supplying  us  with 
this  sample. 
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same  order  of  magnitude,  which  effectively  eliminates  Q-switched  lasers  as  a  potential  light 

source.  Using  a  pulsed  xenon  source,  we  obtained  pulses  of  130  A  for  12  msec.  The  resulting 

output  in  this  case,  after  passing  through  Corning  filters  7-56  and  7-69  and  a  lens  system, 

2 

forms  a  1.7-mm  spot  of  almost  2.5  W/cm  at  the  sample.  For  this  input,  green  upconversion 

efficiency  of  0.2  percent  is  achieved  for  the  system.  Losses  due  to  the  wideband  input  spectra 

and  the  high  reflectivity  of  the  sample  are  included  in  this  system-efficiency  figure. 

Reducing  the  input,  we  found  that  the  efficiency  is  proportional  to  the  input,  for  input  in- 

2  2 

tensities  less  than  or  equal  to  1.2  W/cm  .  At  2.5  W/cm  ,  there  is  a  drop  from  the  predicted 
value.  However,  significant  local  heating  is  evidenced  at  this  high  input  level  and  must  be  elim¬ 
inated  before  it  can  be  established  whether  or  not  saturation  is  being  approached.  At  the  highest 

input  level  attained,  the  red  and  blue  upconversion  efficiencies  of  the  system  were  0.018  and 
-4 

5X10  percent,  respectively,  with  no  indication  of  saturation. 

We  are  attempting  to  increase  the  effective  input  with  a  pulsed  xenon  lamp  by  improving  the 
optical  system  between  source  and  sample  as  well  as  the  heat-sinking  of  the  sample.  In  addition, 
other  sources  such  as  GaAs:  Si  diodes  and  Nd-YAG  lasers  will  be  investigated. 

N.  Menyuk 
K.  Dwight 
J.  W.  Pierce 

2.  Infrared  Stimulation  of  Visible  Luminescence  in  ZnS  Phosphors 

2 

Measurements  similar  to  those  previously  carried  out  on  a  ZnS:Cu,Al  sample  have  been 
repeated  using  a  ZnS  sample  that  is  nominally  undoped  but  contains  enough  impurities  to  be  lumi¬ 
nescent,  and  is  also  infrared  stimulable.  The  luminescence  occurs  in  a  green  and  in  a  blue 
band.  The  intensities  of  these  bands  depend  on  ultraviolet  (UV)  pump  energy  such  that  for 
higher  energies  the  blue  band  is  very  intense  and  completely  dominates  the  luminescence,  while 
for  lower  energies  both  bands  are  weak  with  the  green  band  somewhat  stronger  than  the  blue 
band.  The  response  to  stimulation  by  infrared  radiation  of  about  9  pm  is  qualitatively  identical 
to  that  observed  for  ZnS:Cu,  Al.  When  the  infrared  is  abruptly  turned  on  (with  steady-state  UV 
pumping),  a  transient  burst  of  additional  luminescence  decays  back  to  the  no-infrared  level. 

The  rise  time  of  the  transient  pulse  is  much  shorter  than  the  decay  time.  If  the  infrared  is 
turned  off  at  any  time  before  the  slow  decay  is  complete,  the  luminescence  abruptly  returns  to 
the  no-infrared  level  with  a  fall  time  comparable  to  the  rise  time.  The  spectrum  of  stimulated 
light  (at  the  peak  of  the  transient  pulse)  is  nearly  identical  to  the  spectrum  of  the  steady-state 
UV-induced  luminescence  (for  a  particular  UV  pump  energy)  except  that  the  green  and  blue  peaks 
are  shifted  slightly  to  higher  energy. 

A  computer  solution  of  the  rate  equations  describing  the  stimulation  model  formulated  pre- 
2 

viously  has  been  obtained,  but  only  very  recently,  and  thus  far  there  are  results  for  only  one 
set  of  values  of  the  various  parameters  in  the  equations.  Qualitatively,  the  solutions  are  in  ac¬ 
cord  with  experimental  results,  in  that  they  predict  a  blue- shifted  transient  burst  of  light  with 
a  rise  time  short  compared  with  the  fall  time  in  response  to  an  abrupt  application  of  infrared 
under  conditions  of  steady-state  UV  pumping.  However,  a  detailed  comparison  with  experiment 
has  not  yet  been  made. 
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We  are  now  setting  up  to  take  thermal  glow  curve  measurements  and  photoconductivity 
measurements,  the  latter  to  try  to  detect  the  effect  of  infrared  stimulation  on  the  conduction- 
band  population.  j  w  AUen 

B.  LASER  SPECTROSCOPY 

1.  Resolved  Q- Branch  Absorption  in  Nitric  Oxide:  Nuclear  Hyperfine  Splitting 

Our  previous  high-resolution  spectroscopic  studies  of  the  fundamental  vibration- rotation 
band  of  nitric  oxide  have  been  restricted  to  the  R-branch.  Using  a  PbS^  ,  Se^  .  semiconductor 
diode  laser  operating  near  5.4  pm,  we  have  fully  resolved  for  the  first  time  several  lines  near 
the  head  of  both  the  Q ^  and  branches.  Both  A-type  doubling  and  nuclear  hyperfine  struc¬ 

ture  (hfs)  are  observed  for  the  first  few  Q^  absorption  lines.  This  is  the  first  detection  of 

hfs  in  the  infrared  vibration-rotation  spectrum  of  a  molecule.  Previous  observations  of  hfs  in 

4  5 

molecular  spectra  have  been  restricted  largely  to  the  radiofrequency  and  microwave  regimes. 
Measurements  of  hfs  in  the  visible^  and  infrared  regimes  have  been  greatly  hampered  by  the 
enormous  resolution  (>10^)  required  as  a  result  of  the  smallness  of  typical  molecular  hyperfine 
energies  (<100  MHz). 

The  semiconductor  laser  was  mounted  on  the  cold  finger  of  a  liquid  helium  dewar  at  a  tem¬ 
perature  of  ~10°  K  and  was  placed  in  the  field  (perpendicular  to  the  junction)  of  an  18-kG  electro¬ 
magnet.  The  laser  frequency  was  tuned  by  varying  the  diode  current  with  a  measured  tuning 
rate  of  30  MHz/mA.  Gross  magnetic-field  tuning  of  the  laser  (as  much  as  4  cm  for  18  kG)  was 

essential,  and  served  to  match  the  laser  output  with  the  NO  molecular  lines  at  the  head  of  the 
_  \ 

Q-branch  (1876  cm  ).  The  laser  tuning  rate  was  determined  by  matching  the  observed  absorp¬ 
tion  linewidths  with  the  calculated  Doppler  widths  and  is  estimated  to  be  accurate  to  ±  5  percent. 

A  typical  current-tuning  rate  for  the  laser  used  in  these  experiments  was  30  MHz/mA. 

Nitric  oxide  is  the  only  stable  diatomic  molecule  which  has  electronic  angular  momentum 
2 

in  its  ground  state  (  n)  and,  therefore,  electric-dipole-allowed  Q-branch  vibration- rotation 

bands  (Av  -  1,  2,  3,  ...  ,  AJ  =  0).  The  individual  lines  near  the  head  of  the  Q-branch  are  very 

closely  spaced,  since  there  is  no  change  in  rotational  energy  involved,  and  they  have  not  been 

7  8 

resolved  using  conventional  spectroscopic  techniques.  '  A  fully  resolved  absorption  spectrum 

of  several  absorption  lines  near  the  head  of  the  fundamental  (Av  -  1)  Q-branch  of  NO  is  shown 

in  Fig.  IV-1.  The  data  are  the  transmission  through  a  10-cm  cell  of  NO  at  10  torr  as  a  function 

of  diode  current.  An  approximate  frequency  scale  is  shown.  Beginning  at  high  current  (high 

2 

frequency),  the  first  lines  result  from  transitions  in  the  ^  electronic  ground  state.  The 

gross  splitting  into  symmetric  pairs  as  marked  results  from  A-doubling  which  we  observed  pre¬ 
viously^  for  R-branch  lines.  In  contrast  to  R-  and  P-branch  lines,  the  A-doubling  frequency 
increases  rapidly  with  increasing  J  (approximately  linearly).  This  results  because  the  A-type 
splitting  of  Q-branch  lines  is  the  sum  of  the  splittings  of  the  initial  and  final  energy  level  split¬ 
tings,  while  for  R-  and  P-branch  lines  it  is  the  difference  of  the  two.  The  fine  structure  appear¬ 
ing  on  each  of  the  A-doublet  lines  for  J  =  l/2,  3/2,  and  5/2  results  from  coupling  of  the  electrons 

14  1416 

to  the  spin  (I  1)  of  the  N  nucleus  of  N  O.  For  R-  and  P-branch  transitions,  this  nuclear 


t  Hfs  in  electronic  transitions  of  1 2  and  has  been  observed  in  the  visible;  see  Ref. 6. 
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Fig.  IV—  1 .  Absorption  spectrum  of  10-cm  cell  of  NO  at  10  torr  near  head  af  fundamental  Q-branch. 

hvperfine  splitting  is  much  smaller  (particularly  for  large  J  values)  and  is  completely  obscured 

7  8 

by  the  room-temperature  Doppler  width.  The  hyperfine  splitting  of  the  Q(  \  /2) ^  ^  line  near  ’ 
1876.1  cm  1  is  shown  more  clearly  in  the  absorption  spectrum  of  Fig.  IV-2(a)  which  was  taken 
with  an  NO  pressure  of  1  torr.  Note  that  the  Q(l/2)  ^  ^  line  of  Fig.  IV- 1  is  much  stronger  than 
the  0^2  lines*  Also,  the  A-doubling  of  the  t>ranch  is  very  small.  For  the  Q(3/2)^  line, 

it  is  expected  to  be  only  about  6  MHz,  which  is  much  less  than  the  Doppler  width. 

9 

From  microwave  measurements  on  the  vibrational  ground  state  (v  -  0),  it  is  known  that  the 

10  11 

electron-nuclear  coupling  in  NO  is  predominantly  magnetic  dipole  '  in  origin,  the  electric 

quadrupole  contribution  being  much  smaller.  In  fact,  for  J  =  1  /2,  the  electric  quadrupole  terms 

11  -*• 

vanish  identically.  The  electronic  magnetic  moment  couples  the  molecular  momentum  J  to 

14  -*■  -*• 

the  N  spin  I,  yielding  the  resultant  momentum  F.  The  appropriate  quantum  numbers  are 

9-11 

A,  J,  and  F  with  the  energies  given  by 

E±  =  Ea(J)  +  P±(J)  (7-  J)  (IV-1) 

where  E^(J)  isthe  A-doubling  energy,  P±(J)  isthe  magnetic  hyperfine  coupling  constant,  and  I.  J  = 
(l/2)  [F(F  +  1)  —  J(J  +  1)  —  1(1+1)].  For  J  =  1  /2,  the  allowed  values  of  F  are  1/2  and  3/2,  and 
each  of  the  A-doublet  energy  levels  split  into  two  levels  as  showm  schematically  in  Fig.  IV-2(a-b). 
The  selection  rules  for  Q-branch  electric  dipole  transitions  are  AJ  =  0,  AF  =  0,  ±1,  and  oppo¬ 
site  symmetry  in  the  initial  and  final  A-doublet  states,  A  A  or  A  -»  A  The  four  allowed 

T  —  —  r 
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Fig.  IV— 2 .  For  Q(l/2)^2  tronsition,  (o)  tronsmission  through  10-cm  cell  of  NO  ot  1  torr 
vs  frequency,  ond  (b)  theoreticol  obsorption  spectrum  (see  text).  Energy  level  diogrom  ot 
right  shows  schemoticol ly  nucleor  hyperfine  splitting  ond  ossocioted  tronsitions. 


hyperfinc  transitions  are  shown  schematically  in  Fig.  IV- 2  for  one  of  the  two  allowed  A-doublct 

transitions.  Neglecting  the  vibrational  dependence  of  the  fine  structure  constants  of  Eq.  (IV-1), 

we  calculated  the  theoretical  absorption  spectrum  of  Fig.  IV-2(b)  using  E  (l/2)  =  708  MHz, 

A  q 

P+(l/2)  =  -13. 14  MHz,  and  P  (l/2)  136.9  MHz  taken  from  microwave  measurements  on  the 

vibrational  ground  state  (v  0).  There  arc  a  total  of  eight  hyperfinc  lines  whose  relative 
1 2 

strengths  and  positions  are  given  by  the  vertical  lines.  We  have  assumed  a  Gaussian- Doppler 
profile^  for  each  line  with  a  calculated  full  width  of  127  MHz.  The  calculated  absorption 
strength  was  adjusted  arbitrarily  to  approximate  that  of  the  experimental  data.  The  hyperfine 
lines  fall  into  four  nearly  degenerate  pairs  with  a  separation  small  compared  with  the  Doppler 
width,  resulting  in  four  apparent  absorption  peaks.  It  is  clear  that  the  overall  agreement  between 
the  theoretical  spectrum  of  Fig.  IV-2(b)  and  the  data  of  Fig.  IV-2(a)  is  excellent.  For  example, 
the  calculated  ratio  of  the  absorption  strengths  of  the  hyperfine  split  pairs  is  1.82,  while  the  mcas- 
ured  ratio  is  1.86.  F.  A>  Blum  A>  R  Calawa 

K.  W.  Nill  T.  C.  Harman 
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FREQUENCY  (MHz) 


Fig.  IV-3.  Gain  lineshape  of  P(9)^  g  line 
of  CO  laser  amplifier. 


Fig.  IV-4.  Spectra  af  three  CO  laser  amplifier  lines 
near  1897.6  cm"^:  (a)  transmission  spectrum  for  dis¬ 
charge  current  af  26  mA;  (b)  derivative  spectrum  far 
discharge  current  of  15  mA. 
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2.  Measurement  of  the  Gain  Lineshape  cf  a  CO  Gas  Laser  Using  a  Tunable 
Semiconductor  Laser 

We  have  measured  the  full  gain  ( loss)  lineshape  of  several  vibration- rotation  lines  of  a  carbon 
monoxide  gas  laser  amplifier  using  a  tunable  PbSSe  semiconductor  laser  operating  near  5.  3  pm. 
With  a  linewidth  of  <1  MHz,  the  current-tuned  semiconductor  laser  completely  resolves  the  gain 
(loss)  lineshape  of  each  individual  line.  R-branch  lines  exhibited  loss  under  all  conditions,  while 
P-branch  lines  showed  gain  and/or  loss  depending  on  the  discharge  conditions.  Previous  meas¬ 
urements  of  the  single-pass  gain  of  gas  lasers  have  been  restricted  generally  to  discrete  fre- 

14  15 

quency  measurements  using  a  matched  laser  and  amplifier. 

1 6 

The  4- cm-diameter  CO  laser  tube  was  liquid  nitrogen  cooled  over  72  cm  of  a  90-cm  dis¬ 
charge  length.  Discharge  was  formed  in  a  flowing  gas  mixture  of  CO,  He,  N^,  and  air  with 
nominal  partial  pressures  at  the  output  end  of  2,  9,  2,  and  1.5  torr,  respectively.  The  laser 
tube  was  terminated  with  Brewster  windows  and  emitted  about  0.5-W  CW  in  single-line  operation 
as  an  oscillator  with  an  optical  cavity  formed  by  a  diffraction  grating  and  a  dielectric-coated  ger¬ 
manium  mirror.  The  semiconductor  diode  laser  was  fabricated  from  single-crystal  PbS^  ^Se^  4 
as  previously  described.*^  Its  nominal  multimode  power  output  was  70  pW  with  a  DC  bias  current 
of  about  1  A.  The  current-tuning  rates  were  determined  by  measuring  the  amount  of  current 
change  necessary  to  tune  between  the  A-doublet  peaks  of  R^^  ^nes  °f  NO  in  calibration  cells, 
and  are  estimated  to  be  accurate  to  ±5  percent.  The  signal  transmitted  through  the  laser  ampli¬ 
fier  was  confined  to  a  central  region  having  a  diameter  of  1  cm  using  an  external  aperture. 

Figure  IV- 3  shows  the  frequency  gain  profile  of  the  CO  laser  operating  on  the  P(9)q  line  of 

1819  - 1  ” 

CO  at  ’  1900.05  cm  for  a  discharge  current  of  8  mA.  Note  the  full  resolution  of  the  lineshape. 

The  line  center  single-pass  gain  is  43  percent.  Assuming  that  gain  occurs  only  over  the  cooled 

-1 

length,  the  single-pass  gain  coefficient  is  0.005  cm  .  This  gain  coefficient  is  somewhat  larger 

1 4 

than  typical  ones  reported  by  Harvey  and  Barry,  and  smaller  than  the  peak  gain  coefficient  of 

- 1  15 

0.008  cm  for  the  P( 9 )Q  line  reported  by  Bhaumik,  et  al.  The  full  width  at  half  gain  coefficient 

°  20 

for  this  line  is  132  MHz.  We  estimate  the  collision  width  to  be  60  MHz,  yielding  a  Doppler  width 
of  100  MHz.  Using  the  100- MHz  I3oppler  width,  we  obtain  directly  translational  CO  temperature 
of  170°  K  as  compared  with  the  tube  wall  temperature  of  77°  K.  Our  measured  temperature  is  in 
rough  agreement  with  previous  estimates*4  (ranging  from  about  140°  to  200°  K)  based  on  ther¬ 
mal  considerations  and  theoretical  fits  to  gain  measurements.  The  gain  profile  of  this  line  was 
studied  also  as  a  function  of  discharge  current  and  gas  pressure. 

_  \ 

Three  closely  spaced  CO  molecular  lines  observed  near  1897.6  cm  are  shown  in 
Fig.  IV-4(a-b).  There  is  a  weak  gain  line,  followed  by  a  strong  loss  line  and  a  stronger  gain 
line  as  shown  in  Fig.  IV-4(a).  The  weak  gain  line  is  more  apparent  in  Fig.  IV-4(b)  which  shows 
a  derivative  spectrum  taken  by  frequency  modulating  the  semiconductor  laser  with  a  small  AC 
current  component.  The  two  gain  lines  are  P-branch,  while  the  loss  line  is  R-branch.  Ix)ss 

on  R-branch  lines  is  expected  on  the  basis  of  previous  measurements  and  the  known  partial  in- 

14  16  19  21 

version  in  the  CO  laser.  '  ’  '  Note  that  the  loss  on  the  R-branch  line  could  not  be  meas¬ 

ured  in  a  conventional  matched  laser-amplifier  system.  Table  1V-1  gives  the  line  identifications 

1  8 

and  associated  peak  gains  and  losses  of  Fig.  lV-4(a).  The  line  positions  were  calculated  using 
the  molecular  parameters  of  Mantz,  et  al.  Taking  the  R(12)  line  as  a  reference  point,  we  find 
the  P(l6)  line  to  lie  503  MHz  above  and  the  P(22)  line  to  lie  520  MHz  below.  The  calculated  spac- 
ings  are  660  MHz  above  and  380  MHz  below,  respectively.  The  measured  relative  positions  are 
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TABLE  IV-1 
OBSERVED  CO  LINES  NEAR  1897.6  cm 


-1 


Calculated 
Frequency  (cm“^ ) 

Separation  Af  (MHz) 

Gain  (Loss) 
(percent) 

CM 

> 

t 

> 

Branch  (J) 

Measured 

Calculated 

8-*  7 

P(16) 

1897.661 

503 

660 

18 

11—12 

R(12) 

1897.639 

0* 

0 

(43) 

7-  6 

P(22) 

1897.632 

520 

380 

5 

*  Taken  as 

zera  far  reference. 

considerably  more  accurate  than  the  calculated  ones  since  the  calculated  line  positions  are  ac¬ 
curate  only  to  ±180  MHz. 

Three  other  CO  lines  which  exhibited  loss  were  observed.  Two  were  R-branch,  as  expected: 

R(l3)..  atl900.6  cm  and  RH).,.  .  at  1898.6  cm  *.  The  third  line,  P(2)n  at  1900.4cm 

11, 12  10,11  9,10 

exhibited  loss  even  though  it  was  in  the  P-branch.  This  is  expected  since  theoretical  calcula- 

2i 

tions  for  weakly  inverted  CO  bands  indicate  that  P-branch  lines  with  small  J  typically  exhibit 

loss.  The  P(2L  An  and  R(13),  .  lines  were  observed  to  lie  0.308  and  0.525  cm  *  above  P(9L  «• 
9,10  11,12  9,8 

These  separations  are  to  be  compared  with  the  calculated  ones  of  0.327  and  0.544  cm  .  Again, 
the  measured  separations  are  well  within  the  error  of  the  calculated  values. 

Finally,  the  utility  of  gain  and  loss  profile  measurements  on  gas  lasers  using  tunable  semi¬ 
conductor  lasers  as  reported  here  should  be  emphasized.  The  technique  is  simple  and  direct, 
and  may  prove  particularly  valuable  in  the  study  of  complex  systems  such  as  the  CO  and  CO^ 

laSerS-  F.  A.  Blum  A.  R.  Calawa 

K.  W.  Nill  T.  C.  Harman 


3.  Tunable  PbTe  Laser  Spectroscopy  at  6.5 jum 

Using  PbTe  diode  lasers  emitting  near  6.5  pm,  we  have  obtained  high-resolution  spectra  of 
methane  (CH^),  nitrogen  dioxide  (NO^),  and  water  vapor.  The  CW  lasers  were  fabricated  from 
vapor-grown  PbTe  single  crystals.  The  as-grown  p-type  crystals  were  isothermally  annealed, 
and  an  n-type  surface  layer  ~40  pm  thick  was  produced  by  diffusion  from  a  metal-rich  PbTe 
source.  Laser  cavities  formed  by  cleavage  were  typically  about  0.25  x  0.65  mm.  The  lasers 
were  mounted  on  the  cold  finger  of  a  liquid  helium  dewar  at  a  temperature  of  <10°  K. 

Data  were  taken  on  CH^  using  a  10-cm  cell  with  a  gas  pressure  of  20  torr.  The  CH^  ab¬ 
sorption  lines  in  this  region  are  weak  and  heavily  overlap  atmospheric  water-vapor  bands.  How- 
ever,  using  derivative  spectroscopy,  about  ten  absorption  lines  in  the  vicinity  of  1540  cm  could 
be  readily  attributed  to  the  r^-band^  of  CH4.  Figure  IV- 5  shows  the  absorption  spectrum  of 
a  pair  of  closely  spaced  lines  near  1541  cm’^.  These  lines  are  apparently  the  Q(7F  and  Q(7) 

1  1 ^  L 

t  Th  e  weak  periodic  oscillations  on  the  trace  are  due  to  interferometer-type  interference  between  two  reflecting  surfaces  in  the 
optical  apparatus. 
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Fig.  IV— 5 .  Tronsmission  through  10-cm  cell  Fig.  IV-6.  Transmission  through  20  torr  of  woter 

contoining  20  torr  of  CH^  os  o  function  of  vopor  in  10-cm  cell  os  o  function  of  loser  current, 

loser  current. 

2  3 

lines  of  the  CH  y  -band.  The  calculated  positions  of  Herranz,  et  ad.  are  1541.30  and 
- 1  4  z 

1541.25  cm  ,  respectively;  their  calculated  relative  intensities  of  349  and  353  are  almost  equal 

in  agreement  with  the  data  of  Fig.  IV-5.  The  Doppler  width  of  CH^  at  this  wavelength  and  room 

temperature  is  134  MHz.  Estimating  the  unknown  collision  broadening  of  CH^  to  be  a  few  mega- 

hertz/torr,  the  widths  of  the  observed  lines  are  probably  about  175  MHz.  This  yields  a  tuning 

rate  of  about  300  MHz/mA  for  the  laser  mode  used  in  these  experiments.  We  then  estimate  the 

_  | 

separation  of  the  two  absorption  lines  to  be  about  0.024  cm  ,  in  reasonable  agreement  with  the 

- 1 

calculated  separation  of  0.05  cm 

Some  data  were  taken  on  NCE  which  also  has  numerous  absorption  lines  in  the  £  -band  in 

2  3  z  _  i  J 

this  spectral  region.  Several  weak  lines  were  observed  near  1533  cm  using  derivative  tech¬ 
niques  and  high  gas  pressures  (10  to  50  torr).  The  weakness  of  the  signals  prevented  positive 

identification  of  the  observed  lines.  The  NCE  is  a  heavy  molecule  having  a  Doppler  width  of  only 
- 1  z 

84  MHz  at  15  33  cm  .  By  measuring  the  amount  of  current  necessary  to  tune  the  laser  through 
the  full  width  of  the  observed  lines,  we  estimate  a  tuning  rate  of  about  40  MHz/mA  for  the  device 
used  in  these  experiments.  Note  that,  even  though  the  two  devices  used  to  study  CH^  and  NO^ 
were  made  from  the  same  crystal,  their  tuning  rates  differ  by  almost  an  order  of  magnitude.  We 
have  also  observed  wide  variations  in  tuning  rates  for  PbSSe  diode  lasers  of  various  compositions. 

Finally,  absorption  spectra  of  several  low-pressure  water-vapor  lines  were  taken.  The 
laser  used  for  these  measurements  was  also  used  in  the  study  of  CH^  with  a  nominal  fine-tuning 
rate  of  300  MHz/mA.  Figure  IV-6  shows  the  absorption  spectrum  (near  1534  cm  *)  of  a  10-cm 
cell  of  20-torr  water  vapor.  The  background  trace  was  taken  without  the  cell  in  the  radiation  path 
and  is  displaced  for  clarity.  The  <0.  5  m  path  between  the  laser  and  the  detector  was  occupied 
by  ambient  air.  Note  that,  while  the  absorption  line  shows  up  well  in  the  low-pressure  cell,  col¬ 
lision  broadening  in  the  ambient  air  completely  obliterates  the  line.  The  width  of  the  line  is 
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The  only  known  water-vapor 


- 1  -  2 
about  480  MHz  (0.016  cm  )  and  its  strength  is  >0.038  cm  /atm. 

24 

line  of  comparable  strength  in  this  vicinity  is  the  2(1,  2)  —  3(0,  3)  transition  of  the  i'-band  at 

- 1  ^  _  2 

a  calculated  wavelength  of  1533.82  cm  .  This  line  has  a  calculated  strength  of  0.009  cm  /atm 

25  -1  24 

and  an  estimated  width  of  0.03  cm  due  to  self-broadening.  The  large  discrepancy  in  line 


strengths  is  not  understood. 


F.  A.  Blum 
K.  W.  Nill 


A.  R.  Calawa 
T.  C.  Harman 


4.  Molecular  Systems  Optically  Pumped  with  TEA  Lasers 

Submillimcter  radiation  has  recently  been  obtained  from  molecular  gases  optically  pumped 

26 

with  CO^  and  NO^  lasers  on  a  quasi- CW  basis.  We  have  extended  this  technique  to  the  high- 
power  regime  by  the  use  of  CO^  TEA  lasers  ( —  0.7  MW)  which  enable  the  acquisition  of  higher 
peak  powers  in  the  far-infrared  than  previously  obtainable.  In  addition  to  increasing  the  output 
power,  the  extremely  high  TEA  laser  pump  power  permits  the  observation  of  several  other 
types  of  processes. 

One  process  is  the  pumping  of  rotational  levels  in  molecular  gases  even  when  the  absorption 
overlap  with  the  CO^  source  is  relatively  poor.  This  can  be  attributed  to  the  following  factors: 

(a)  operation  is  above  threshold  in  the  wings  of  a  highly  pressure-broadened  Lorentzian  lineshape 
(molecular  gas  pressure  ~  1  torr),  (b)  the  high  peak  fields  of  the  TEA  laser  produce  a  high- 
frequency  Stark  perturbation  of  the  rotational  excited  states,  and  (c)  the  CO^  TEA  laser  itself 
has  an  extremely  wide  frequency  output  since  it  is  operating  at  atmospheric  pressures. 

Because  of  these  effects,  we  have  found  a  large  number  of  new  lines  in  CH^OH  and  CH^F 
not  previously  reported.  Their  wavelengths,  measured  using  a  scanning  Fabry- Perot  and  box¬ 
car,  are  listed  in  Table  IV-2.  The  delays  of  the  emissions  after  the  termination  of  pump  power 
are  also,  listed,  but  cannot  be  explained  using  our  current  model.  It  should  be  noted  that  any 


TABLE  IV-2 

NEW  OPTICALLY  PUMPED  FAR-INFRARED  LASER  LINES 

Gas 

Pump 

Delay  (psec) 

Far-Infrared  Radiation 
(pm) 

CH3OH 

9.488 

PI  2 

2.5 

163.9 

9.536 

PI  8 

2 

205.3 

CH3F 

9.  166 

R42 

2 

195.0 

9.174 

R40 

1 

200.3 

9.192 

R36 

1 

215.3 

9.639 

P30 

1.5 

190.9 

CH3CI 

9.29 

R16 

2 

364.5 

9.488 

PI  2 

3 

273.7 

9.604 

P26 

2 

263.4 

9.639 

P30 

2 

250.4 

10.22 

P24 

1 

397.6 
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molecular  gas  having  a  permanent  dipole  moment  and  capable  of  being  used  for  Q-switching  the 
C02  laser  should  achieve  a  rotational  population  inversion  under  these  conditions.  The  lines  ob¬ 
tained  from  CIl^Cl  for  the  first  time  were  established  on  this  basis.  In  addition  to  the  generation 
of  far-infrared  emission,  the  presence  of  a  permanent  dipole  moment  suggests  the  possibility  of 
Stark-tuning  the  output  over  several  hundred  megacycles.  This  is  currently  under  investigation. 

H.  R.  Fetterman  H.  R.  Schlossberg^ 

C.  D.  Parker  J.  Waldman 


C.  INFRARED  PROPERTIES  OF  SOLIDS 

1.  High-Resolution  Far-Infrared  Investigation  of  Hydrogenic  Impurities 
in  Ultrapure  Germanium 

1 0 

The  photoconductivity  spectral  response  of  recently  developed  n-type  ultrapure  (~2  X  10  do- 

-  3  t  -I 

nors  cm  )  germanium1  has  been  observed  with  0.07-cm  resolution  using  a  Fourier  spectrom- 

eter  in  the  range  60  to  120  cm  at  temperatures  in  the  vicinity  of  4.2°  K.  The  photoconductivity- 

vs-wavelength  spectrum  shown  in  Fig.  IV- 7  exhibits  extremely  sharp  (resolution-limited)  and 

previously  unobserved  structure  due  to  higher  excited  states  of  the  hydrogen- like  shallow  donors 

in  germanium.  Four  distinct  hydrogenic-like  series  of  transitions  (labeled  A,  13,  C,  and  D  in 

Fig.  IV- 7)  have  been  observed.  Based  on  previous  low- resolution  studies  on  doped  germanium, 

series  A  and  B  have  been  identified  with  antimony  and  phosphorous  donors,  respectively.  The 

donors  giving  rise  to  series  C  and  D  have  not  yet  been  identified.  Measured  spectral  response 

dependence  on  temperature  is  consistent  with  the  interpretation  of  photoconductivity  as  a  two-step 

process  whereby  ground  state  ls(A)  electrons  are  optically  excited  to  a  higher  level  from  which 

a  thermal  process  further  excites  a  fraction  to  the  conduction  band. 

Transitions  from  ls(A)  to  higher  p  and  f  levels  (most  of  which  were  observed  for  the  first 

time  in  these  experiments)  have  been  identified.  The  energies  of  the  higher-lying  levels  are 

27 

found  to  agree  very  closely  with  a  theoretical  calculation  for  hydrogenic  donors  in  germanium. 
Table  IV- 3  lists  the  energy  differences  found  between  assigned  transitions  and  those  calculated 
for  series  A  and  B. 

Further  high-resolution  experiments  using  Fourier  spectroscopy  and  far- infrared  laser  spec¬ 
troscopy  should  form  the  hasis  for  unambiguous  optical  determination  of  impurity  species  and 

quantity  in  ultrapure  samples.  s.  D  Seecombe 

D.  M.  Korn 


2.  Far-Infrared-Reflectivity  Study  of  Paratellurite 

The  room-temperature  far-infrared  reflectivity  of  paratellurite,  TeO^,  has  been  studied. 

Due  to  the  presence  of  optical  activity,  transparency  from  0.3  3  to  6.5  pm,  strongly  birefringent 
refractive  indices,  an  extremely  slow  (110)>  shear  wave,  and  a  lack  of  center  of  inversion,  para¬ 
tellurite  lends  itself  for  use  in  interesting  piezoelectric,  acousto-optic,  and  nonlinear  optical 

4 

applications.  The  zone  center  optical  modes  of  this  1)^  structure  of  TeO^  decompose  into  the 
symmetries  4A^  +  4A2  +  5B^  +  4B2  +  8E.  The  infrared-active  modes  are  z-polarized  A 2  singlets 
and  the  x,  y-polarized  E  doublets. 

t  Laser  Physics  Section,  Air  force  Cambridge  Research  I  aboralories. 

X  kindly  supplied  by  Dr.  R.  Hall,  General  Klectric  Research  and  Development  Center. 
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Fig.  IV-7.  Photoconductivity  spectra  of  ultrapure  germanium  (n  X  10^ 2  cm'3). 
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TABLE  IV— 3 

COMPARISON  OF  TRANSITION  ENERGY  DIFFERENCES  (meV) 
OBSERVED  IN  ULTRAPURE  GERMANIUM  COMPARED  WITH  THEORY 

Energy 

Differences 

Series  A 

[2p  -  ls(A)=  8.72] 

Series  B 

[2p  —  1  s(A)  =  11.15] 

Theory 

3p±  —  2p± 

0.69 

0.69 

0.70 

4p±-2p± 

0.97 

0.97 

1.00 

4^  —  2p± 

1.12 

1.11 

1.12 

5p±-2p± 

1.26 

1.26 

1.20 

5^  —  2p± 

1.32 

1.33 

1.32 

6^  —  2p± 

1 .40 

1.40 

1.41 

The  near-normal  incidence  room-temperature  reflectivity  of  paratellurite  was  obtained  on 

- 1 

a  Fourier  spectrometer  from  50  to  400  cm  .  Polarized  light  was  obtained  with  a  wire  grid 
polarizer.  Spectra  were  normalized  to  first  surface  aluminum  mirrors.  Figures  IV-8  and  IV-9 
show  normalized  reflectivities  for  the  two  cases  studied,  E  llc-axis  (polarized  light)  and 
El  c-axis  (unpolarized  light).  Also  displayed  in  the  figures  are  the  reflectivities  as  calculated 


Fig.  IV-8.  Experimentally  obtained  reflectivity 
of  paratellurite  for  E  1 1  c-axis  (solid  line)  and 
calculated  reflectivity  (dashed  line). 
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Fig.  IV-9.  Experimentally  obtained  reflectivity 
of  parotel lurite  for  Elc-oxis  (solid  line)  and 
colculoted  reflectivity  (doshed  line). 


0  100  200  300  400 

WAVENUMBER  (cm’1) 

from  previously  obtained  Raman  LO-TO  frequency  and  linewidth  data.  Work  is  presently  being 
directed  to  extend  the  spectral  range  of  this  study  and  to  obtain  low-temperature  (~77°  K)  data. 

D.  M.  Korn  T.  B.  Reed 

A.  S.  Pine  G.  F.  Dresselhaus 

3.  Microscopic  Theory  of  the  Spontaneous  Spin-Flip  Raman  Lineshape  in  InSb 

The  spontaneous  spin-flip  linewidth  is  an  important  parameter  whieh  affects  the  gain, 
threshold  power,  and  fine-tuning  characteristics  of  the  spin-flip  Raman  laser.  In  an  effort  to 
understand  the  lineshape,  we  have  considered  the  effects  of  ionized  impurity  scattering  at  low 
temperatures  in  n-type  InSb.  A  Bethe-Salpeter  transport  equation  has  been  derived  which  is 
more  general,  but  analogous  in  form,  to  a  Boltzmann  transport  equation,  and  with  the  usual 
" scattering-in"  and  ” scattering-out"  terms.  In  the  absenee  of  nonparabolicity  and  Doppler 
broadening,  the  effects  of  these  terms  on  the  Raman  lineshape  essentially  cancel  and  the  effect 
of  the  impurities  is  to  replace  the  Fermi  functions  with  exact  distribution  functions.  Including 
the  effects  on  nonparabolicity,  Doppler  broadening,  and  (in  an  approximate  fashion)  level  broad¬ 
ening,  we  have  solved  the  transport  equation  and  have  found  results  similar  to  those  obtained 

2  8 

previously  using  a  phenomenological  relaxation-time  ansatz. 

R.  W.  Davies 
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V.  MICROELECTRONICS 


A.  MASK-MAKING  LABORATORY 


Recent  efforts  in  the  mask-making  laboratory  have  been  concentrated  in  (1)  reducing  defect 
density,  and  (2)  developing  image  test  targets. 

In  our  last  report,^  we  discussed  a  cleaning  and  inspection  procedure  for  the  10X  master 
reticle.  This  procedure  has  virtually  eliminated  photorepeated  defects. 

Even  with  a  perfect  reticle,  defects  (primarily  pinholes)  were  still  a  problem.  One  source 
of  these  additional  pinholes  was  traced  to  poor  chrome  adhesion  caused  by  dirt  on,  and  pits  in, 
the  glass  surface.  This  source  of  pinholes  has  been  eliminated  by  more  complete  glass  clean¬ 
ing  and  inspecting  procedures.  Prior  to  chrome  deposition,  the  glass  is  inspected  under  a 
microscope  with  darkfield  illumination,  which  reveals  all  pits,  scratches,  and  dust.  Unaccept¬ 
able  glass  is  rejected  at  this  stage.  After  the  acceptable  plates  are  coated  with  chrome,  they 
are  ultrasonically  cleaned  and  inspected  with  transmitted  light  for  pinholes.  Again,  any  defec¬ 
tive  plates  are  rejected.  This  procedure  eliminates  pinholes  due  to  defective  chrome. 

Pinholes  in  the  photoresist  on  chrome  plates  are  still  a  problem  because  such  pinholes  will 
cause  defects  in  the  chrome  during  etching  of  the  desired  pattern.  Although  this  problem  has 
not  been  eliminated,  it  can  be  controlled  by  touching  up  the  pinholes  with  photoresist  prior  to 
etching  the  chrome  and  by  using  special  developing  and  etching  techniques. 

It  should  be  noted  that  part  of  our  pinhole  problem  is  a  result  of  the  negative  (darkfield) 
nature  of  most  of  our  work.  The  standard  integrated  circuit  manufacturing  process  uses  mostly 
positive  masks  which  are  much  less  susceptible  to  pinholes.  Very  few  of  our  masks  are  for 
such  a  standard  process. 

In  anticipation  of  efforts  to  improve  the  resolution  of  our  masks,  we  are  developing  test 
charts  designed  to  enable  us  to  optimize  our  focus  settings  and  exposure  times.  These  charts 
are  also  designed  to  test  for  uniformity  of  illumination  and  resolution,  flare,  corner  rounding, 
adjacency  effects,  and  spurious  images. 

These  efforts  to  reduce  the  defect  density  and  to  increase  the  output  of  the  mask-making 
laboratory  have  been  seriously  hampered  by  the  delays  in  initiating  the  pending  space  changes. 
Some  of  these  handicaps  are: 


(1)  Lack  of  space  for  our  new  contact  printer. 

(2)  No  space  for  clean  benches  for  our  inspection  microscopes. 

(3)  No  fume  hood  for  toxic  etchants  and  cleaning  solutions. 

(4)  Insufficient  space  for  simultaneous  processing  of  emulsion  and  metal- 
clad  plates. 

D.  L.  Smythe,  J r. 


t  Solid  Stale  Research  Report,  l  intoln  Laboratory,  M.l.T.  (1971:4),  p.61,  DDC  AD-736501. 
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B.  SEMICONDUCTOR  DEVICES  AREA 

Optical  Sensor  Assembly:—  A  photodiode  array  consisting  of  three  diodes  on  a  50-  X  50-mil 
chip  was  fabricated  for  use  in  the  Educational  Technology  Program.  The  optically  active  areas 
of  the  photodiodes  were  required  to  have  sharp  cutoffs  at  the  geometric  borders.  Commercially 
obtained  diodes  had  acceptable  sensitivity  but  failed  to  maintain  the  required  sharp  cutoff.  The 
primary  cause  of  this  seemed  to  be  the  use  of  high-resistivity  silicon  material  and  the  associ¬ 
ated  high  lifetime  which  allows  carriers  produced  some  distance  from  the  active  region  to  reach 
and  be  collected  at  the  photodiode  junction.  As  a  first  design  step.  Group  87  employed  lower- 
resistivity  material  to  reduce  the  lifetime  and  diffusion  length.  Although  the  output  signal  level 
was  thus  down  8  dB  at  a  distance  of  1  mil  from  the  active  diode  border,  we  decided  to  attempt 
further  improvements.  A  sharper  cutoff  was  provided  by  employing  a  gold  diffusion  step  to  fur¬ 
ther  reduce  the  lifetime,  thus  lowering  the  photoresponse  40  dB  at  a  distance  of  0.1  mil  from  the 
active  diode  border.  To  prevent  light  bounce  and  ghosts,  the  bonding  leads  which  are  highly  re¬ 
flective  were  located  as  far  as  possible  from  the  active  area  of  the  photodiode  by  the  use  of  long 
aluminum  conductors  from  the  active  area  to  the  bonding  pads.  The  problem  of  light  bounce  from 
the  gold-plated  header  on  which  the  device  was  mounted  was  solved  by  coating  the  header  adja¬ 
cent  to  the  chip  with  DAG,  a  dispersion  of  colloidal  graphite.  A  dozen  diodes  were  packaged  by 
Group  87  and  incorporated  by  Group  2  5  in  their  equipment. 

Electron-Beam-Irradiated  Diodes  (E-Bird):—  The  specifications  for  :^200,  VpT  ^  50  V, 
Ig^:  100fia  have  been  met  on  n-diffused  p-type  and  p-diffused  n-type  diodes  utilizing  channel 
stoppers  in  the  device  design.  Several  units  have  been  assembled  in  the  new  high-power 
shielded  package.  A  recent  electron-beam  test  of  one  of  the  delivered  diodes  indicates  good 
gain.and  electrical  characteristics.  High-temperature  storage  life  tests  (100  hours  at  200°C) 
have  been  carried  out  on  these  lots  of  dice  without  failure. 

Nuclear  Particle  Detectors:—  Beta  bombardment  tests  have  been  performed  using  a  30-  to 
40-mCi  2-MeV  beta  source  (Sr^°).  The  signal-to-noise  ratio  (which  includes  noise  of  the  device 
and  the  amplifier)  is  4  to  1,  with  no  crosstalk  discernible  between  adjacent  diodes.  The  rise 
time  was  40  nsec  and  the  fall  time  lOOpsec.  Detector  noise  was  20  mV,  which  is  considered  to 
be  very  satisfactory.  A  collimator  has  been  made  for  the  beta  source  which  should  result  in 
more  accurate  measurements. 

Microwave  Transistor:-  Work  on  a  process  for  making  high-frequency  microwave  tran¬ 
sistors  has  been  initiated.  The  process  involves  extremely  shallow  diffusions  of  the  order  of 
\  |jl  base  and  ^  fi  emitters.  Chrome-gold  metalization  is  used  for  contacts  to  avoid  alloying 
through  the  shallow  diffusions  such  as  occurs  when  conventional  aluminum  contacts  are  used. 
Initial  characteristics  are  ~  60  V,  B^^^q  «  6o  V,  RypgQ  ~  7  V,  beta  ~  50.  These  de¬ 

vices  are  presently  being  packaged  in  a  TO-72  package  for  microwave  measurements. 

Infrared  Detector:-  A  large  320-mil-diametcr  optical  electronic  IR  sensor  device  has  been 
prepared  which  is  to  operate  at  liquid  He  temperatures.  The  device  consists  of  26  shallow 
boron-diffused  contacts  with  A1  bonding  pads  on  one  surface  and  a  shallow  boron  diffusion  on  the 
bottom  surfaee  of  a  4.0-mil-thick  Al-  or  Ga-doped  low-resistivity  single-crystal  silicon  wafer. 
Several  of  these  units  have  been  produced  from  both  the  Al-  and  Ga-doped  wafers.  Experiments 
were  conducted  in  mounting  the  320-mil-diameter  wafer  into  an  alumina -Kovar  package  using 


50 


Section  V 


pure  indium  solder  at  600°  C.  Mounting  in  an  atmosphere  gave  a  strong  alloyed  bond,  but 
the  wafer  broke  under  liquid  He  temperature.  Reducing  the  mounting  temperature  to  approxi¬ 
mately  300°  C  enabled  the  Si  wafer  to  survive  at  the  liquid  He  conditions.  Experiments  are 
continuing  to  determine  the  optimum  bonding  conditions. 

R.  A.  Cohen 

C.  APPLICATIONS  OF  ELECTRON-BEAM  EVAPORATION  TECHNOLOGY 

Several  current  programs  utilize  the  unique  capabilities  of  Group  87’s  electron -beam  (EB) 

evaporation  system.  This  system  is  diffusion  pumped  and  will  routinely  reach  pressures  in  the 

-7  -8 

mid-10  -torr  range.  The  vacuum  can  be  extended  to  the  upper  10  -torr  range  by  bakeout  of 

the  stainless-steel  bell  jar  prior  to  evaporation.  The  use  of  a  high-speed  (2400  liters/sec) 

diffusion  pump  allows  the  maintenance  of  high  vacuum  during  evaporation  at  high  rates.  The 

electron  beam  will  deliver  10  kW  into  any  one  of  four  crucibles  in  a  rotatable,  copper  hearth. 

Substrates  can  be  mounted  either  6  or  18  inches  from  the  evaporant  source.  Both  positions  are 

equipped  with  a  quartz-crystal  thickness  monitor,  and  the  18-inch  distant  position  is  protected 

hy  a  shutter  and  can  be  heated  to  300°  C  by  quartz  iodide  heating  lamps. 

The  three  programs  currently  utilizing  the  major  portion  of  the  EB  evaporator's  available 
time  are  for  the  Microsound  Group,  the  Electronic  Materials  Group,  and  the  Digital  Computers 
Group.  Work  for  the  Microsound  Group,  although  occasionally  involving  many  different  films 
and  film  combinations,  primarily  requires  the  EB  evaporation  of  chromium -gold  duplex  films 
under  very  stringent  conditions.  The  preparation  of  high-resolution  (1-pm  lines  and  spaces), 
thin-film,  surface-wave  transducers  on  piezoelectric  crystals  such  as  lithium  niobate  utilizes 
a  technique^  which  requires  that  high-quality  films  of  chromium  and  gold  be  deposited  sequen¬ 
tially  from  a  point  source  located  a  considerable  distance  from  the  substrate.  The  EB  evaporator 
is  ideally  suited  for  this  type  of  evaporation.  The  focused  electron  beam  (approximately  \  inch 
in  diameter)  results  in  an  evaporant  source  which  closely  approximates  a  point  source,  and  the 
18-inch  source-to-substrate  distance  is  sufficient  to  give  effective  line-of-sight  evaporation. 

The  high  initial  vacuum,  the  rapid  pumping  speed,  and  the  ability  to  change  rapidly  from  the 
crucible  containing  chromium  to  that  containing  gold  results  in  the  highly  adherent,  very  pure 
films  needed  in  this  work. 

The  program  for  the  Electronic  Materials  Group,  which  is  in  its  initial  stages,  involves  the 
preparation  of  transition  metal  oxide  films.  Thus  far,  films  of  have  been  prepared  on 

glass  substrates  from  a  source  of  crystallites  contained  in  an  unlined  crucible  in  the  cop¬ 

per  hearth.  X-ray  analyses  of  the  resulting  films  have  shown  them  to  be  pure  V^O^.  Future 
work  will  involve  the  preparation  of  NiO  films  by  the  reactive  evaporation  of  Ni  in  a  partial 
pressure  of  CX,,  and  the  evaporation  of  films  onto  single-crystal  substrates. 

The  program  under  way  for  the  Digital  Computers  Group  requires  that  very  high-quality 
films  of  several  aluminum-silicon  alloys  be  deposited  onto  silicon  wafers  to  a  thickness  of 

o 

approximately  1  pm  (10,000  A).  Because  these  films  will  be  photol ithographically  processed  to 
form  ohmic  contacts  and  interconnections  for  high-density,  active  devices  in  the  silicon  wafer, 
the  films  must  be  of  high  purity  and  must  be  evaporated  very  quickly  to  give  the  small  grain 

til.  1.  Smith,  K.  J.  Bachner  and  N.  Ffremow,  J.  FJectrochem.  Soc.  1 18.  821  (1971),  D1)C  AD-729609. 


51 


Section  V 
/ 

size  necessary  for  high-resolution  aluminum  photolithography.  As  an  added  restraint,  the 
source  must  be  evaporated  almost  to  completion  because  of  the  different  evaporation  rates  of 
silicon  and  aluminum.  Films  of  50%  Si  —  50%  Al  have  been  successfully  prepared  by  evapora¬ 
tion  of  a  predetermined  amount  of  alloy  from  an  intermetallic  liner  (Union  Carbide  HDH  grade) 
placed  in  a  crucible  in  the  copper  hearth.  To  achieve  a  film  thickness  of  1  pm  with  the  limited 
amount  of  material  that  could  be  placed  in  a  crucible  liner,  the  substrates  were  held  on  a 
rotatable  holder,  6  inches  above  the  source.  After  a  small  amount  of  material  had  been  evap¬ 
orated  against  a  bare  portion  of  the  substrate  holder,  the  holder  was  rotated  to  bring  the  silicon 
substrates  into  position  and  the  film  was  deposited. 

F.J.  Bachner 


D.  BONDING  AND  ASSEMBLY 


Nuclear  Particle  Detector:—  The  nuclear  particle  detector,  which  has  been  recently  tested 
with  good  results,  presented  some  unusual  bonding  problems.  The  2 -mil  thickness  of  the  device 
required  extreme  care  in  handling  and  bonding.  The  requirement  for  metalization  on  both  sides 
of  the  array  made  it  necessary  to  design  the  structure  with  20  beam  leads  on  one  side  and  20 
contact  pads  on  the  other.  The  die  was  precisely  aligned  and  attached  to  the  substrate  with  a 
conductive  adhesive. 

The  metal  beams  extending  from  the  monolithic  array  were  thermocompression  gold-bonded 
to  the  package  substrate  using  an  eyelet  technique.  This  technique  utilizes  a  hollow  tool  which 
allows  the  metal  to  flow  upward  during  bonding  rather  than  outward  as  occurs  during  wedge 
bonding,  thus  permitting  us  to  bond  on  2-mil  centers  and  maintain  specified  separation  between 
beams. 

The  upper  20  contact  pads  were  thermocompression  bonded  with  the  ball  and  stitch  method 
using  0. 7-mil  gold  wire  to  maintain  adequate  separation.  The  bonds  from  the  substrate  to  the 
package  output  leads  had  thermocompression  ball  bonds  to  complete  the  assembly  to  the  40-lead 
flat  package. 


EBS  Devices:—  The  low  thermal  impedance  requirement  for  this  device  requires  special 
bonding  techniques. 

The  chip  is  7  5  x  75  mils  and  approximately  5  mils  thick.  These  chips  are  eutectically  bonded 
to  the  top  of  the  1 20-mil -diameter  gold-plated  copper  posts.  A  washer-shaped  gold  shield 
approximately  1  mil  thick  is  bonded  using  a  wobble  bonding  technique  to  the  metalized  diffused 
area  contact  of  the  diode.  The  outer  edge  of  this  shield  is  bonded  to  a  ring-shaped  metalized 
ceramic. 

Thermal  impedance  measurements  of  these  devices  have  been  generally  well  within  the 
1°C/W  goal.  However,  about  one  out  of  four  of  the  dies  develops  a  crack  after  bonding;  the 
factors  which  could  cause  this  are  being  examined.  For  example,  the  importance  of  the  sur¬ 
face  finish  on  the  top  of  the  post  in  minimizing  voids  between  the  post  and  the  chip  is  being 
weighed.  Also  being  explored  is  the  effect  of  the  thickness  of  the  chip  on  this  breakage.  A 
careful  survey  of  the  bonding  temperatures  and  heating  times  is  being  made  to  determine  opti¬ 
mum  design  parameters  for  this  device.  ^  p  Clough 
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